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South Africa fs pledged 
to end AIDS by 2030 
Antiretroviral drugs like 
those on the cover are 
ey tothe effart because 
they make infected 
people fess likly to 
transmit HIV. ut with 
18% ofthe worlds HIV- 
{infected people the county faces the huge 
‘challenge of ramping up treatment to all in 
reed, See page 18. Poa: James Oarway 
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EDITOR! 


Science and Brexit 


ast weekis dramatic vote by the United Kingdom 
(UK) to leave the European Union (EU) was the 
culmination of a heated referendum campaign 
that questioned the value of partnerships be 
tween the UK and the EU, Now, with many brid 
es bured~or at least charred-where do polit. 
‘al leaders go next? Politicians in the UK and EU 
are going to need every avallable foundation on which 
to rebuild trust and mutual 
Interests. They will need to 
discover once again how to 
‘work in partnership. It will 
be a long and difficult pro- 
‘ess; one in which selence 
should play a erucial role. 
"The referendum — pro- 
voked rousing exchanges, 
Dut there were also many 
calm analyses, notably from 
the House of Lords Science 
and Technology Committee 
‘and the Royal Society. The 
‘overwhelming majority of 
UK scientists supported 
membership in the EU at 
every stage of the debate, 
‘while opinion in the wider 


science [has] enormous 


bust EU research programs depend on UK leadership 
and collaborations. Right now, over 18% of funding re- 
turned to the UK from EU resourees is for R&D, making 
this one ofthe larger parts of the EUS relationship with 
the UK. Thus, many thousands of relationships betwee 
students, academics, and administrators bind together 
selentists in the UK and other European countries. All 
of this gives selence enormous potential as a founda- 

tion for building a new re 
lationship between the EU 
and the UK. But founda 
tions are no use if they are 
undermined by political 
wrangling. There will need 
to be investment of time, 
politcal capital, and money 
to bolster the seience UK: 
EU bridge, 

British "selentists must 
now work hard to urge 
policy-makers to promote 
continued seientifie col 
laborations and advise on 
how to move ahead. Maybe 
the UK's next prime minis- 
ter should offer to host new 
international research a 


Population was clearly die i cies along with the EU, ot 
vided, University leaders potential as a foundation for increase the support the UK 
(oho seldom reach con tionshij - ives to UK businesses and 
Soeutlen anybing a “7 aU? relationship bet -M—Unlversiies considering BU 
with one voice for the UI the EU and the UK. collaborations. Perhaps fur 


to remain in the EU. A com- 
‘munity of nations with a common framework for fand 
Ing research, establishing priorities, sharing facilities, 
‘and moving people and ideas across borders brings 
advantages to its seientific community. Compromises, 
‘challenges, and regulatory burdens come as part of the 
package Dut, on balance, British scientists found the 
EU an enormously attractive feature of our continent, 
‘Those attractions remain. 

Now, there is scope for seience as one ofthe starting 
points for the ertical process of building a new rela 
tonship between the EU and the UK. Existing commit 
ments alone mean that UK seience will have a major 
role in Europe for years to come, For example, the EU's 
Joint European Torus, located near Oxford, provides 
Vital expertise to the much larger ITER nuclear fusion 
facility under construction in France. Also, EU-funded 
Infrastructures for social science, biological data, and 
radio astronomy are based in the UK, and countless ro- 
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ther research fellowships 
for talented scientists wishing to collaborate or move 
across the EU could be launched. These are not hollow 
gestures: They would bring benefits in their own right 
as well as rebuild trust. The seientific community could 
brainstorm such possiblities and work closely with the 
government on next steps. Indeed, wise policy-makers 
lunderstand that R&D develops people for the wider la 
bor market, ereates new products and businesses, and 
‘makes huge conteibutions to health are, defense, the 
natural environment, and public services. These ben 
efits are built on strong collaborative science 
One of the great strengths of UK science is its in 
ternational culture and the recognition that the best 
minds, wherever they are from, can together tackle 
shared challenges. Leaving the EU does not mean an 
end of this quality, but it requires profound changes in 
the practicalities behind it 
~Graeme Reid 
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Arasearcher at the Univers of Caforna Berkeley prepares a quadcopter drone fr survey fight 


Scientists applaud new drone rules 


ew US. rules on drone operations are getting a 
general thumbs-up from researchers who rely 
on the unmanned aircraft to collect data and 
make observations. That marks a shift from a 
few years ago, when worried researchers went to 
court to block Federal Aviation Administratio 

(FAA) drone regulations that they argued were overly 

restrictive and would harm academie science. The fi- 

nal FAA rules, released by the White House on 21 June 
and set to take effect in August, seem to have all 
many concerns. The regulations apply to dront 
are lighter than 25 kilograms and operate at 160 kilo- 
meters per hour or less, The rules forbid operators from 


flying the aircraft above 122 meters in altitude, or over 
people not participating in their operations. Flights 
must be during the daytime and the aircraft must re- 
main in the pilot's line of sight. And drone pilots must 
be at least 16 years old and take an online test to earn 
a government permit; unpermitted operators can fly a 
drone under the direct supervision of a pilot. The new 
regulations are “fantastic, just late,” says biogeographer 
Benjamin Heumann of Central Michigan University i 
‘Mount Pleasant, who uses drones to map biodiversity 
and invasive species and had been critical of early ver- 
sions, “This is where we should have been 2 years ago.” 
http: //otly/_dronerules 


Adaring South Pole rescue 

SOUTH POLE, ANTARCTICA | TWo.siek 
‘workers were evacuated from the National 
Science Foundation’s Amundsen-Seott South 
Pole research station last week in a rare 
and perilous reseue mission ater doctors 


8 eu 


determined that the workers required 
treatment in a hospital for an unspecified 
medical emergency. Every February, after 
the scientists have left a few dozen people 
hhunker down to spend the long, dark 
austral winter at the station. Most medical 
problems are handled with medical person 
nel onsite or in consultations with stateside 


doctors. The decision to evacuate someone 
Is not made lightly, because such a reseue 
‘operation is both dangerous and elaborat 
‘Medevaes require planes that ean operate 
In the extreme cold and are equipped with 
skis, as Uhe South Pole station has no tar 
mac. On 15 June, two propeller-driven Twin 


(Otter planes departed from Calgary, Canada, 


‘on June 30, 2016 
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and traveled via South America tothe 
British Antarctic Survey's Rothera Research 
‘Station on the Antaretie Peninsula, One 
remained there as a backyp, while the other 
traveled another 2400 kilometers to the 
South Pole. On 22 June, the workers were 
transported from the South Pole station to 
Rothera and departed for South America 
the following day. Their specific medical 
‘conditions and destination hospital were 
not disclosed for medical privacy reasons, 
‘tp /etly/southpolerescue 


Antidoping lab suspended 

lo DE JANEIRO, BRAZIL | ‘The World 
Anti-Doping Ageney (WADA) has sus 
pended the accreditation ofthe Brazilian 
Doping Control Laboratory, the lab tasked 
with drug testing for the Rio Olympies. 
Ina statement issued 24 June, the ageney 
cited an unspecified “non-conformity” with 
its interaational laboratory standards as 
the reason for the suspension, The same 
lab had previously lost its accreditation 

in 2013, after whieh Brazil invested $60 
million to bring the labs practices up to 
international standards in ime for the 
‘Olymples. The la has 21 days to appeal 
the decision, WADA says. Lab coordina 
tor Francisco Radler did not comment on 
plans to appeal, but said he is “eonfident 
that ater the vist of WADA auditor, 
Which was already scheduled for early Jul 
the situation wil be cleared and settled” 


Lionfish thrive in Mediterranean 
Limassot, venus | ‘The venomous lon 
fish, native to tropical Indian and western 
Pcie waters, continues its mare around 
the globe. Inthe last few deeades, the inva 
sive fish has spread rapidly, with sightings 
along the eastern US. coast, the Caribbean, 
and the southeastern coast of lira. Nov, 
the lionfish (Pterois mites) s thriving in 
the Mediterranean Sea, scientists report 


Severity of resistance 
—= 


High Low 


Mapping resistance to malaria drugs 


‘ost madern malaria treatments 


ve based an a derivative af artemisinin, 2 sub 


stance found n the leaves and flwers of the mugwort plant. But increasingly, 


‘malaria parasites are becoming resistant to artemisinin, par 


ularly in Southea 


Asia (Science, 22 Apel p, 398). To map the spread ofthis resistance, an inter 


national graup of scientists fom more than 50 countries ad by the Pasteur 
Institute in Phnom Penh, examined some 14,000 samples of malaria parasites fram 


around the world. Artemisinin resistance ¢ centered in Southeast Asia atthe mam 
affected African reglans—ye. they reported last week in Th 


and hast 


New England 


“Journal of Medicine. This map, the researchers say, should help identify and track nese 


Shifts in resistance more quickly 


this week in Marine Biodiversity Recor, 
Reports by divers and fishermen reveal 
that # miles has colonized the entire 
southeastern coast of Cyprus in just 
‘yeas, the team found, Lionfish reproduce 
rapidly, spawning every 4 days; the vora- 
lous fish, which have venomous spines 
that deter predators, can also rapidly 
reduce biodiversity where they colonize. 
In the Mediterranean, the widening and 
deepening of the Suez Canal, combined 
with warming waters, may be helping the 
onfish thrive. 


Weed killer gets reprieve 


lyphosate will remain on the market 
‘n Europe for another 18 months, after 


The controversial herbicide 


the European Commission this week 
extended a hey deadline for its reap: 
proval. The use of glyphosate has been 
holly debated ever since the International 
Agency for Research on Cancer declared 
ita"probable human eareinogen" tn 
Mareh 2015. Regulatory agencies had 
previously declared glyphosate safe when 
properly used, and the European Food 
Safety Authority was on track to renew 
its approval (Seience, 20 November, 
'592). But opponents of the herbicide 
‘campaigned for the commission not to 
renew the market license, which was to 
expire on 30 June, Glyphosate manu: 
facturers and the farm lobby objected 
flereely, and member states eould not 
come to an agreement. This week, th 
commission granted the extension to give 
the European Chemicals Agency, which is 
responsible for classification and labeling 
tof hazardous chemicals, time to complete 
a review of the carcinogenicity of glypho 
sale, Some member states had requested 
the review in May 
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Three Qs 

Conservationist Mike Sutton is one of to 
‘official proponents of a November ballot 
measure to legalize the cultivation and sale 
‘of marijuana in California. A similar 2010 
ballot measure was defeated. Sutton was 
previously vie president ofthe Monterey 
Bay Aquarium and served for 8 yeas on 
the California Fish and Game Commission, 
including 2 years a its president. He is 
currently board chairman of the Capitola, 
California-based nonprofit Ocean 
‘Champions. Science talked with Sutton 
recently about the upeoming vote. 


Q Why isan environmentalist getting 
behind this effort? 

A [really got into this beeause of my 
service on the state Fish and Game 
‘Commission. I saw the consequences of the 
egal {marijuana} industry in California. 
Lelieve it oF not, its California's biggest 
‘ash crop by value, and yet i's been subject 
to prohibition since the 1930s. 


(What are the industry's 
‘ecological impacts? 

‘A: These illegal grow operations are often 
‘on public land; they use fertilizers and 
Pesticides fand] they steal water from 
nearby sources in the middle of the biggest 
‘drought in California history. And on top 
of that, (they] divert the attention of game 
‘wardens .. who are supposed to be out 

there preventing poaching and protecting 
‘our wildlife 


(Q: How would this ballot measure help? 
A Legalization will goa long way toward 
getting this industry out of the shadows 
and into the light. One of the biggest 
aspects of this ballot measure is that it 
‘would give rise to tax revenues in the tens 
‘of millions of dollars that are dedicated to 
‘environmental restoration and cleanup of 
these sites and public lands. 


Architect of Tevatron dies 


Helen Edwards, the physicist who led the 
{design and construction of the United 
States’ largest atom-smasher—the Tevatron 
collider at the Fenzl National Accelerator 
Laboratory in Batavia, Minois—died on 
2 June at age 80. The first major 
accelerator to employ superconducting 
magnets, the Tevatron smashed protons 
Into antiprotons from 1985 to 2011 

ists there discovered the top quark 
In 1995, Edwards played a particularly 
prominent role in designing the accelerator, 
says Maury Tigner, a physiist emeritus at 


20s soLy zo» vou ass sset eave 


‘Smog obscures the morning 
‘sunver the Huangpu Rar 

in Shangha China. New data 
suggest that potion deaths 
sls by 15% globally fy 2040, 


Cornell University “She was determined, 
‘she was very killed, and if she set out 
todo something she did it" Tigner says. 
‘Everybody respected that.” Born in Detroit, 
Michigan, Edwards earned her Ph.D. at 
Cornell in 1966. She was an “inspirational” 
leader, says Marion White, a physicist at 


Helen Edwards in 1983 atthe Tevatron’ completion. 
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Argonne National Laboratory in Lemont, 
inois, who worked with her in recent 
Years, “She was very passionate about what 
she was doing," White says, "but it wasn't, 
1, Helen... it was Go, team! 


Surgeon faces new charges 
Erstwhile star surgeon and stem cel 
planer Paola Macchiarini faces prelimi 
fury charges of iovoluntary manslaughter 
‘and causing bodily injury, according to an 
Associated Press story. Macchiarini was 
already facing a slew of ethical accusations, 
{including embellishing the success of his 
sroundbreaking trachea transplants in 
published papers and ling om his CV. The 
‘most damning accusation, however, s that 
he used his risky technique on patients 
who weren't in a lfeshreatening condition 
and could have lived for many years. At i 


Aprice tag on limiting air pollution deaths 
relatively modest investment in cleaner eneray could prevent millions of deaths 
{tomate potion in coming decades, concludes 327 June analysis romthe 
lnterational Energy Agency (IEA) in Paris. Poor air quality is now the werld's fourth 
leading cause of premature death, IEA reports init World Energy Outlook for 2016, 
tbehind high biood pressure, poor diet, and smoking. And the agency predicts ai 
pollution deaths wil rise 15%, to 75 milion annually, by 2040 unless nabons act to 
reduce soot and fumes from vehices, industry. and household stoves and heaters. Cities 
In Asia and Africa wil be especialy hard hitby pollution, even as urban aim Europe and 
North America gets cleaner. But“ country—rieh or poor—can clam thatthe task of 
tackling air potion is complete’ said IEA Executive Director Fath Biol in a statement. 
And natlons could halve air pollution by spending $4.8 trillon by 2040 an emissions 
Controls and clean energy sources, IEA concludes, The extra investment would amount 


tojust 796 of expected global enerzy outlays 


least one of them, a Russian woman, has 


died. The scandal, rekindled by a three 
part documentary an Swedish television 
{in January, led the Karolinska Institute in 
‘Stockholm to fie Macchlarini in March 
(Science, 1 April, p.14). Maechiarini has 
denied wrongdoing. 


FINDINGS 


Groundwater study sparks debate 
California isin the fifth year ofits worst 
drought in more than a millennium. tn 
response, the state is pumping billions of 
gallons of water from the ground, dept 
{ng natural water reserves faster than they 
can be replenished. Now, a controversial 
new study suggests thatthe state may 
hold much more water than thought in 
very deep aquifers. The study, published 
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‘online this week in the Proceedings of the 
National Academy of Seiences, i the first 
to measure California's groundwater below 
{300 meters. Satellite images ean reveal 
‘changes in an aquifer’s water storage, but 
not the total volume of water it contains; 
‘direct well samples, meanwhile, are 

costly and challenging to obtain. So the 
researchers turned to publie records: They 
‘analyzed salinity data from 360 oll and gas 
flelds in the state, as well as the geology 

ff the region, to extrapolate the volume 
‘of water in aquifers beneath the state's 
‘Central Valley down to 5000 meters. The 
aquifers, they found, may hold three to 
four times more freshwater than thought. 
However, they note, up to 85% of it could 
bbe vulnerable to oll and yas development — 
‘and much of the water isso deep 

that it isnt practical ro extract. 

http //bitly/CalideopGw 
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Number of US. businesses that advertise 
unapproved stem cell teeatments online 
for health issues such as orthopedic 
Injuries or neurological disorders. Beverly 
Hil, California, has the mast individual 
clinics (18) offering such treatments; New 
‘ork City follaws with 16 (Cal Stem Cell 


€1.5 


million 
‘Amount bequeathed ina taian 
accountant’ wil to Unversity of Mian 
neurosclentist Elena Cattaneo"or her! 
usein scientific research as best she sees 
{Cattaneo says she plans ta use ita 
create fellowships for young scientist, 


€670 


million 
Amount of anew investment by France 
ingenomcs and personalized medicine, 
announced ast week, The funds, of which 
aut €230 milan wil came fom indus 
‘wll go toward the establshment ofa dozen 
‘genome sequencing conters inthe country 


CORRECTION 
Inthe 17 June issue of Science, a graphic 
‘on p.1387 accompanying the Feature 
story “Ancient DNA divide” by Ann 
Gibbons omitted a credit for the data 
‘used, Citation numbers for papers in 
human aneient DNA inthe past 5 years 
‘eamve fran a search dane fer Science by 
“Thomson Reuters's Web of Science. The 
search was designed to assess whether 
European labs had more citations than 
US. ones, rather than to rank labs 

With the most citations. fa the same 
‘graphic, grant to Eske Willersev was 
reported at $76 milion: this one-time 
grant was awarded to the Unversity of 
CCopenhagen's Centre for GeoGenetics 
asa whole and included funding for 
‘salaries, facies, and three adational 
co-principal investigators, 
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EUROPE 


Brexit’ casts pall on future of U.K. science 


Funding, freedom of movement, and a voice in Europe’s science policy are all in question 


iy Daniel Clery, in London 


ays after the United Kingdom's mo- 
mentous vote in favor of leaving the 
European Union, the UK. science 
community is seething with anxi- 
ty, No one knows whether UK. re 
search will struggle or thrive when 
the divoree goes ahead. Neither the UK 
government nor the European Commission 
hhad thought through beforehand how UK. 
research could untangle itsel! 
from the European enterprise— 
for whether it even needs to, “Tt 
‘was Just unimaginable to us that 
they would actually leave,” says 
RobertJan Smits, head of the 
European Union's Directorate: 
General for Research and In- 
novation in Brussels. “Its a big, 


= 
As Science went to press, it was ite 


United Kingdom would invoke Ar- 
ticle 50 of the 2007 Lisbon Treaty, 
‘which would set in motion negotiations on 
‘haw to leave the bloc. Some Bresit opponents 
still held outa falnt hope that online petitions 
‘or economic ersis might force a rethink. 

ut scientists have pressing and practical 
‘questions: Can UK. researehers continue to 
apply for EU. yrants? Will reviewers looking 
ata proposal involving UK. scientists wonder 
about their commitment? Will UK. postdocs 


12. 1soLy ame votass issue eos 


have trouble taking up positions on the co 
tinent, and viee versa? What isthe future for 
EU. facilities on UK. soil? 

Some Brexit supporters—a minority 
among scientiste—are sanguine, “What 
makes science brilliant is cooperation the 
‘world over, without having to bein a political 
union.” says Jamie Martin, a science poli 
adviser to the pro-Leave group Selentsts for 
Britain. Speaking at a gathering of sientists 
tnd politicians at the House of Commons 


A modest contribution 


Otthe e263 
onl 296 was funded 


oth Unite Kingdom spent. 


Higher 
elation 
Goverment Research tuning rer 
fepartmants cowncle cours Chany tude 
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ld 


fn 28 June, UK. seience minister and Brexit 
‘opponent Jo Jobnson stressed that “nothing 
changed overnight” and that for now, sien 
tists can stil apply for EU grants, “We ne 
asa community to minimize the damage and 
‘maximize the opportunities fm optimistic 
about the future” sald Johnson, a brother of 
former London mayor and Leave campaign 
leader Boris Johnson, 


RED betwen 2007 nd 2013, 
mark Programme 7 Horan 2020's predecessor 


But most scientists are dismayed by the 
looming rift. “This is a really serious worry 
for me .. I fear desperately for UK. science,” 
says Steve Cowley, director of the Culham 
Centre for Fusion Energy near Oxford, UK. 
“There is no way Lean pretend to be anything 
other than disprited and disappointed” says 
Simon Wessely, president of the Royal Col 
lege of Psychiatrists here. Former EU, science 
adviser Anne Glover, now a viee-dean at the 
University of Aberdeen in the United King 
dom, says she’ “a bit bewildered 

and ashamed by my own eountry 
EU. money is one of the things 
that UK. scientists will miss, 
‘They generally do wel in the race 
for EU. programs such as Hori 
zon 2020, the Tear, €80 billion 
‘scheme that ends in 2020; the 
thet United Kingdom has also man- 
am aed to hag several billions for 
si research from the so-called Struc: 


ober 


tural Funds, a separate EU pot 
to help poorer regions in Europe 
develop. In the 7 years preced: 
{ng 2014, the United Kingdom paid about 
‘€54 billion for both programs eombined, ac 
cording to 2015 Royal Society report, and it 
got €88 billion in return. 

That's a modest amount compared with 
the United Kingdom's own science spend. 
ing; the Framework Programme 7, for in 
stance, the predecessor to Horizon 2020, 
accounted for a mere 3% of the United 
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‘Young pro-European Union campaigners protest 
outside the Brith Partiament in London, 


Kingdomis investments in seience and inno- 
vation between 2007 and 2013 (see graphic, 
12), Whats more, Bresit supporters have 
argued, the United Kingdom could easily 
make up for the shortfall using the money 
it saves on its total annual contribution 
to the European Union, currently some 
ex7 billion. 

‘The United Kingdom could also con- 
tinue to participate in European funding 
schemes by becoming an “associate” mem- 
‘ber of Horizon 2020, in which ease it would 
pay an annual contsibution in 
line with gross domestic prod- 
uct Fifteen non-EU. countries 
already participate in this way, 
Including Norway, Turkey, Israel, 
‘and Tunis, 

But those are all smaller coun- 
tries; is not clear whether the Eu- 


deals and access to EU. programs. In 2014, 
‘when Switzerland sought to restrict immigra- 
tion from new E.U. member states, the union, 
‘suspended its associate status, which threat- 
ened to end Swiss partiipation in Horizon 
2020; negotiations continue to resolve the Is- 
‘sue. “The Swiss example isthe most worrying 
thing? Bresit supporter Martin concedes. On 
the other hand, Europe benefits from keeping 
‘he United Kingdom in Horizon 2020, Martin, 
says: “The opportunities British universities 
offer to European researchers and students 
are unparalleled” 

‘Many other things are at stake. One is 
‘he United Kingdoms influence on inter 


Benefits from Brussels 
‘The Unted Kingdom was second only to Gormany in funds ected fam 
FrameyorsProgramene7 between 2007 and 2013. andi received adonal 
slppot for cine rom the Structural Funds, for atotalt 88 bilion It pad 
en 5.4 blionietarn ding that ered, 


reactor operated by the United Kingdom 
fon behalf of Euratom, the nuclear arm of 
the European Unlon, JET isa key testbed in 
preparations for the international ITER fu 
sion project, currently under construction in 
France, “Even though it might not be easy 1 
fam confident that we ean fad ways to con 
tinue the very sucessful collaboration with 
the UX says Tony Donné, head of EURO: 
fusion, a collaboration of European fusion 
Jabs that manages research on JET: Cowley 
agrees. “We've got to do it, having spent all 
this money” making JET as ITER ike as pos- 
sible, he says. “To have a €2 billion plece of 
‘kit and throw it away beeause no agreement 

‘ean be reached would be foolish in 
the extreme” 

More problems are sure to 
emerge from the divorce, which 
Glover warns may be less than 
amicable. But in the end, the 
health of European selence is “a 
pretty narrow slice of what most 


rapa Union ie prpart fo ge Seon on satay coctennt aet 
outa he ——___on trey ich ip soem ont 
tesnng meer dates car ns iis or oncom, fr ont 
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the ee contre ‘el eon fone, paoary te Lae 
jen the ne ts a campaign. The prominent Com 
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‘of the European Research Council ~ 
(ERC) and a professor emerita at Here 


wer Michael Gove, for example 
sald that Brits “have had enough 
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see hove this does lead to a re: 
‘duction in the numbers of students and re 
searchers choosing to come tothe UK." adds 
James Wilsdon, a social stientist and expert 
‘on research polly at the University of Shef- 
Seld in the United Kingdom, 

Even the cufrent uncertainty maybe 
enough to deter some scientists, Wilsdon 
says. "Let's imagine a talented postdoc in Italy 
‘or Germany who was thinking of taking her 
‘grant from the ERC ifshe got it to study atthe 
London Seliol af Economies or Cambridge 
‘Willche really want tocome now with this sort 
of uncertainty 

“The European Union may try to force the 
United Kingdom to retain an open immnigra- 
tion poliey, however, asa condition for trade 
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national science policy. "We've taken away our 
policy volce” says seience poliey expert Mike 
Galsworthy of the London-based campaign 
‘group Scientists for EU. UK. scientists were 
instrumental in shaping important agencies 
‘such as ERC and the European Strategy Fo- 
rum on Research Infrastructures, Smits says, 
“They were so embedded in European sei 
ence polie, so visible, so present” he says. 

‘A withdrawal from the European Union 
almost certainly means that the United King 
dom can no longer host the European Medi 
‘ines Agency, the blocs medical watchdog, 
‘now headquartered in London. Another Eu 
ropean facility sted in the United Kingdom 
is the Joint European Torus GET), a fusion 


Published by AAAS. 


for grants” 
Scientists and policymakers from around 
the continent will soon have a chance to 
commiserate on UK. soll—and to diseuss 
\ways forward. The city of Manchester will 
hhost EuroScience Open Forum, a major 
biannual meeting sponsored by the Euro 
pean Commission, in July “Its ironic that 
the meeting is in the UK. this year” Smits 
says. “On the other hand, it will allow British 
selentists to send a strong signal that they 
see the value of the EU, and of international 
collaboration—now more than ever" st 


With reporting by Kai Kupferschiniae, 
Gretchen Vogel, Erik Stokstad, Martin 
Enserink, and Tania Rabesandratana, 
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IMMUNOLOGY 


Fighting autoimmunity with immune cells 


Engineered T cells can selectively destroy sources of enemy antibodies 


Biy Miteh Leslie 


wlolmmune diseases share a. grim 
similarity with eancer: People’ own 
cells become their enemies. But a new 
study published online in Seience re 
veals a happier parallel, suggesting 
that a therapy designed to harness the 
Immune system to attack eancer cells may 
also cull the turncoat immune cells behind 
certain autoimmune diseases, 

The approach relies on chimeric antigen 

tor T cells, or CART cells: immune cells 
‘genetically modified to home in on a desired 
target on cancer cells or—in this 
‘ase—on rogue B cells, another im 
mune cell type. The new study only 
gauged the CAR T cells’ capil 
ties in the lab dist and in mice, but 
some seientists are already using the 
B word: breakthrough. Removing 
only the self-destructive cells has 
‘been the holy grall for treating auto 
Immune diseases, “butt hastit been 
solved for any autoimmune dis- 
‘ease up to now says dermatologist, 
Rodiger Eming of the Philipp Uni 
versity of Marburg in Germany: 
“Using this approach you are able 
to specifically target the patho- 
genie Immune cells without major 
side effects” 

The basic recipe for producing 
CAH T cells dates to the late 1980s. 
Scientists remove some of a can 
‘er patient's T cells and genetically 
tweak them so that receptors on 
their surface can detect a specifie molecule, 
‘or antigen, on cancer cells. After the modified 
T cells are returned to the patient’s blood- 
stream, they hunt down and destroy eaneer 
cells carrying that antigen 

In some early clinical trals, CAR TT cells 
showed dramatic results against blood ean- 
cers such as acute lymphoblastic leukemia, 
Danishing al signs of disease from more than 
‘90% of patients (Seience, 20 December 2013, 
. 1492). Now, researchers are starting to test 
‘em against solid tumors, with dozens of ti- 
als underway for eancers from glioblastoma 
to lymphoma 

A few sclentists are also investigating 
‘whether CART cells could rein in our im: 
mune system. In some people with hemo- 
phil, for example, the cells might be able 
lo prevent the normal immune response 
from destroying recombinant factor. VI, 


a 


ae sity 


a dot-promoting protein used wo treat the 
condition. The new work goes further by sug 
testing that CAR T cells could be protective 
‘man autoimmune disease 

For the study, dermatologist Aimee 
Payne and cancer immunotherapist Michael 
Milone of the University of Pennsylvania and 
their colleagues took aim at the autoimmune 
disease pemphigus vulgaris. In unis illness, 
B cells pour out antibodies that attack des- 
rmioglein 3, a protein that helps lock together 
cells in the skin and mucous membranes. 
Sufferers develop painful blisters—on the 
‘skin; inthe mouth or esophagus, where they 


(veto) attacking 3 
cancer cellcanbe altered 
to ght autoimmunity, 


can hinder eating and swallowing: and even. 
inthe eyes, nse, and genitals. Untreated, the 
disease can kil 

The steroid prednisone and immune 
suppressing drugs ean improve quality afife, 
but they can cripple the immune system’ 
ability to fight off pathogens, sometimes lead- 
lng to fatal infections. A more specific drug, 
the monodonal antibody rituximab, kills 
only B cells but ean still dangerously under- 
‘mine immune function. 

To determine whether CAR T cells could 
do better, Payne, Milone, and colleagues 
engineered human T cells to recognize 
Just those B cells that produce antibodies 
against desmoglein 3. They then showed 
thatthe engineered cells could kill eancerous 
B cells that pump out the same anti- 
bodies—firstinalab dish, then inmiceinjected 
with the B cells to mimic the human disease, 


‘The CAR T cells slashed the amount of antl- 
desmoglein 3 antibodies in the animals’ 
blood and prevented them from developing 
mouth blisters 

‘One worry is that CAR TT cells could go 
astray, for example by attacking. incorrect 
targets in the skin. But the researchers saw 
no signs of such misdirected attacks in mice 
given human CAR T cells and human skin, 
fgrafls, The scientists did see encouraging 
hints that some CAR T cells settled down, 
fn the mice and thus might keep symptoms 
from returning. “We show that these cells 
specifically Kil the disease-specific I cells 

and have potential for long-term 
disease control” Payne says 
“This isa very unique, novel, and 
creative approach,” says molecular 
immunologist A. Razzaque Almed 
(of Tufts University School of Medi 
fdlne in Boston, But hematologist 
Zachary Spigelman, also of Tufts, 
‘eautions that the ‘mouse exper 
ments dida't demonstrate that CAR 
‘Tells ean reverse the disease, only 
that they can prevent symptoms 
from developing. “It’s an excel 
lent first step, but its not a proof 
‘of concept.” 

Pemphigus vulgaris is rare, 
‘with fewer than 100,000 eases in 
the United States, but Payne and 
Milone think CAR T cells could be 
unleashed on other autoimmune 
diseases in which selftargeted anti 
Dodies attack a single main antigen, 
‘One is myasthenia gravis, which ean 
cause severe weakness and even death as 
antibodies destroy the molecule that allows 
nerves to stimulate muscles 

‘CART cells may not work for more com- 
‘mon and complex autoimmune diseases, 
such as multiple sclerosis or type 1 diabetes, 
and they have triggered serious side effets in 
some cancer patients. Because autoimmune 
diseases are not usually fatal immediately 
“ae bar [for safety] is higher than in the ea 
cer setting” Milone says, 

So he and his colleagues are moving eau: 
tlously. Next, “we want to cure dogs with 
pemphigus? Payne says. Dogs ate one of the 
few species besides humans that naturally 
develop the disease. Resides benefitting the 
animal, she says, demonstrating that CART 
cells can alleviate pemphigus vulgaris in dogs 
“would break down barriers for potential fu: 
ture human trials” 
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Researchers rise to challenge 
of replacing helium-3 


New nuclear detector technologies forgo scarce isotope 


iy Richard Stune 


'S. researchers have finally overcome 
a littleknown legacy of the 11 Sep 
ember 200 terrorist atlacks: a dire 
shortage of helium (He), The 
rare Isotope has unique properties 
that make it iwaluable for applica 

tions from eryogenies to detecting hidden 

nuclear bomb material, But in 2008, experts 
feared that the US. stockpile, managed by 
the Department of Energy's (DOES) Isotope 

Prograts, would run out as early as 2010, a8, 

terrorism fears drove up demand for detec 


tors of nuclear materia 
Faced with a erisis, DOE curtailed He 
sales while it and other agencies raced to find 
Hes} alternatives. Observers hail the effort. 
“There's heen a revolution aver the past year 
ind a half” says Jeffrey Laey, president of 
Proportional Technologies Ine. PTD, a Hous 
ton, Texas-based fim that has devised one 
alternative, A dozen others are in the pipe 
line or alzeady on the market, and the Hed 
stockpile is out of danger. DOES reserves will 
top 160,000 liters by 2040, according to a 
new projection the department provided to 
The supply should last well over 
2 century” says Isotope Program Director 
Jebanne Gillo in Germantown, Maryland. 


Hesi—ordinary helium minus 
neutron —might have remained obscure f not 
forthe Cold War, As the United States and 
‘other nuclear powers expanded their arse 
nals, they started accumulating He-3, which 
is produced by the decay of tritium, a radio 


active isotope of hydrogen that vastly boosts 
the explosive pawer of hydragen borabs. For 
years, weapons labs vented Hes, whieh isnot 
radioactive, into the atmosphere as waste 
That changed after seientists learned how 
useful the exotic gas eould be. In physies labs, 
refrigerators using a mix of He-8 and Het as 
1 coolant attain temperatures of less than 
0.01 K. The isotope is also adept at captur 
lng neutrons. That has made it the material 
ff choice for neutron detectors, which eon: 
tain tubes filed with the gas. After capturing 


Unmasking hidden nuclear material 
fi 


materi emitsfast lor sows 
ya delet contain alu or nat eo 


am Fast nautron 
= Stow/thermat 


ae * 


Aprtotype lithium based 
scinilator at Oak Rage National 
Laboratory could save hei 


fa neutron, He splits into a 
tritium nucleus and a pro 
ton, which ionize other He 
atoms and generate an elec 
‘sical signal. “Helium is the 
sold standard says Richard 
Kouzes, a physicist at DOES 
Pacific 

Laboratory in 


Northwest. National 

Richland, 
Washington, who has led ef 
forts there to deal with the 
Hes eriss, 

‘Amajor eustomer for Hes 
{is the Spallation Neutron 
Source (SNS), an accelerator at Oak Ridge Na 
tonal Laboratory in Tennessee that smashes 
neutrons Into materials and molecules to re 
veal their structure. Some of SNS’ detectors 
are tens of square meters in area. "We use a 
lot of heliutn-, anywhere we ean and where 
‘we can afford It" says Oak Ridge condensed 
‘matter physicist Ken Herwig, who oversees 
{instrumentation at SNS, 

But it wasnt until after the 9/11 attacks 
that the run on He supplies began. To 
guard against nuclear terrorism, the US. 
Department of Homeland Security ordered 
hbundreds of He radiation portal monitors 
for sereening people, vehicles, and eargo at 
border cheekpoints and at embassies, mi 


tary bases, and other facilites. The detectors 
look for neutrons streaming from so-called 
special nuclear materials: enriched uranium 
‘and weapons-grade plutonium. 
“If youre detecting neutrons, you have a 
pretty good indication that there’ special nu 
clear material around” says 
Tellrey Musk, chief of 
‘lear technologies detection, 
research, and development 
at the US. Defense Threat 
Reduetion Agency (DTRA) in 
Fort Belvoir, Virginia 
Skyrocketing demand for 
Hed for portal monitors 
outstripped the 6000. 
odd liters of He-3 added 


ating 
jon matra 


rrosh 0 the ‘US, reserve each 
‘orwithout year. AS US, stocks were 
detectan drawn down, the other 
major global supplier— 


Russia—sharply eut back on 
its sales. After DOE eapped 
sales at 14,000 liters a year 
in 2009, federal programs 
rummaged for unused sup 


Detector 


plies, and the price of He-s 
shot up from about $100 a 
liter to as much as $3000 a 
liter in 201, 
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Hes alternatives were already in develop- 
ment. DYRA Program Manager Hongguo 
‘oa explains that agencies were alming for 
Uetector materials “that ean not only detect 
neutrons, but also measure the energy of 
neutrons” more precisely, The agencies also 
wanted better portable and hand-held de 
vices. The supply crunch, however, put the 
research into overdrive. 

One approach that has bolted ahead of the 
Geld is horon-coated straws. PTI, for example, 
oats the inside of copper straws with boron 
carbide enriched in boron-10, which, lke He: 
3,16 a fat target for neutrons. After eaptur- 
ing a neutron, the boron-10 atom transmutes 
Into highly energeti lithium 7 and ce part 
les, which fonize argon gas inside the tube. 
“its the best helium-3 alternative technology 
for large area neutron detectors? Zhu says 

“Iwo other firms—Radiation Monitoring 
Devices Ine, in Watertown, Massachusetts, 
and Kromek in Sedgefield, UX. —have rolled 
‘out hand-held radioisotope detectors based 
‘on different principle: seintillation, o light 
‘emitted by a substance when struck by an 
‘energetic particle. These scintillators rely 
‘on lithium, another isotope that's good at 
snaring neutrons. Combined with other ma- 
terials it yields a device that emits ight when 
struck by a neutron ora gamma ray. The light 
pulses from neutrons have longer rise and de 
‘ay times than those ereated by gamma rays, 
making it simple to tell uke signals apart and. 
siving scintillators @ versatility that other 
neutron detectors lack. 

The US. Defense Advanced Research 
Projects Agency (DARPA) in Arlington, Vir- 
‘nia, wants todo more than simply replace 
existing detectors. I's halfway into a 4-year 
program called SIGMA to develop detector 
networks that will continously monitor ra 
diation in US. eles. He-3 alternatives are 
key to making SIGMA viable, says DARPA 
Program Manager Vineent Tang, a plasma 
physicist. “DTRA and other agencies have 
been doing a great job of building up the 
base of technologies” he says. 

Scientists, too, have big plans for neu 
tron detectors. SNS, for example, intends 
to eventually add another 22 beam lines 
“Where we can use beliums3, we will use 
lk? Herwig. says. But SNS already uses 
lithium-6 scintillators for some detectors, 
and it is exploring whether PTT boron 
coated straws are up to snuff for other 
detectors. Meanwhile, the SNOLAB near 
Sudbury, Canada, deep underground in a 
former mine, is considering boron-couted 
straws for a detector that would study new 
trinos spawned in supernova. 

Because of the rapid rise of He-3 alterna 
tives, “federal demand for He-# has plum: 
meted," Gillo says. Now, Tang says, “I don't 
worry about helium-t anymore 
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CFC bans pay off as Antarctic 


ozone layer starts to mend 


Study shows hole has shrunk since 2000 thanks 
to restrictions on chlorine chemicals 


‘By Erie Hand 


nee it was discovered in 1985, the 
Antarctic azone hole has been a po- 
tent symbol of humankind’s ability 
to cause unintended environmental 
hharm. But now comes a glimmer of 
good news: The void in the azane 
layer is shrinking. “It’s a big surprise” says 
Susan Solomon, an atmospheric chemist at 
the Massachusetts Institute of Technology 
in Cambridge. “I didn't think it would be 
this early" 

Although the hole will not clase cam: 
pletely until midcentury at the earliest, 
the healing is reassuring to scientists who 
ppushed for the Montreal Protocol, The 1987 
{International agreement phased out the in 
dustrial production of ehlorofluorocarbons 
(CFCs): ehlorine-containing chemicals that 
help trigger the destruction of stratospheric 
fazone, which screens out cancer-causing 
ultraviolet light. “You want to be sure that 
the actions we've taken have had the in 
tended effect” says Solomon, who led the 
study published online by Seience this week, 

Layers of depleted ozone open up over 
boti poles just as winter gives way to spring, 
During the wintertime cold, nitrie acid and 


water condense out of the atmosphere and 
form wispy clouds. The surfaces of the 
cloud particles host chemical reactions that 
release eblorine that came from CPCs, The 
chlorine, in turn, goes on to destroy ozane— 
but only in the presence of light. That is 
why, over Antaretica, ozone loss doesn't get 
going in earnest until September, the be 
ilnning of the southern spring, when Hight, 
returns to the pole. Peak losses are usually 
im October, and that is when researchers 
have typically taken stock of year-to-year 
changes in the hole. 

‘Solomon and her colleagues found that 
the healing trend was more apparent in the 
‘month of September. Using a combination 
tof measurements from satellites, ground: 
based instruments, and weather balloons, 
hher team found that, since 2000, the Sep 
tember hole has shrunk by'4 million square 
‘ilometers—an area bigger than India. 

To determine whether declining pollut- 
ants deserve eredit for the recovery, the re 
searchers used a 4D atmospheric model to 
separate the effects of the chemicals from 
those of weather, which ean affect ozone 
loss through winds and temperature, and 
voleanie eruptions, which deplete azone by 
Pumping sulfate particles into the upper 
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Weather balloon measurements and othe dats 
showed that ast September the czone tale was 
“nilion square lometers smal thant peak sz, 


‘atmosphere, The sulfate ean play the same 
role as cloud particles, activating chlorine. 

‘The model helped explain why scientists 
saw a reeard ozone bole in October 2015, 
2 glaring exception to the shrinking trend. 
Solomon and some other researchers at 
first wondered whether the reeavery might 
bbe behind schedule, But the model showed 
that it was a luke due to the eruption of 
the Calbuea voleano in southern Chile 
‘6 months earlier, and it confirmed that 
‘declining levels of chlorine and its chemi- 
fal cousin bromine were indeed responsi- 
Dle for the longer term healing trend. “To 
me, its the first time that has been shown, 
unequivocally” says Neil Harris, an atmo- 
spheric scientist at the University of Cam- 
Dridge in the United Kingdom who was not 
involved in the work, 

Solomon's study follows earlier claims 
oof healing, including a 2011 study that 
‘ot some attention (Science, 8 April 2011, 
. 160). Hut those studies separated out 
the effeets of natural variability using 
relatively simple statistieal techniques, 
and many researchers questioned the as- 
‘sumptions that went into them. Using a aD 
model to tease out the underlying trend is 
“much more sophisticated way to do the 
attribution,” says Ross Salawiteh, an atmo- 
serie scientist at the University of Mary 
land, College Park 

Still, Paul Newman, who runs NASAS Are- 
tle Ouone Watch website at Goddard Space 
Flight Center in Greenbelt, Maryland, is 
puzzled by Solomon's finding that only half 
of the 4million-square-kilometer shrink- 
‘age trend was due to a reduction in chlo- 
rine and bromine. The ather half appeared 
tobe due to weather. Weather effeets ought 
to cancel out on average, resulting in no 
trend, he says. “If we can't explain half the 
signal, then ean we really explain the 50% 
fof the signal we think we know?" Newman 
says the finding could point to a problem 
‘with Solomon's model. Or, he says, it may 
reflect a real shift in polar weather, driven 
by climate change. “She's uncovered a real 
scientifi puzzle here” he says. 

Regardless, the result is a satisfying full- 
circuit ride for Solomon, who in 1986 led 
the study that Gist identified stratospheric 
clouds as the chlorine reaction sites, and 
‘who played important roles in the scien- 
tide assesstnents for the Montreal Proto- 
col and subsequent status reports. “The 
fact that we've made a global choice to do 
something different and the planet has 
responded to our choice can't help but be 
uplifting” she says, = 
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U.S. SCIENCE POLICY 


Scientists cheer Senate bill 


Long-awaited successor to COMPETES Act rejects 
controversial House approach to managing federal research 


‘By Jeltrey Mervis 


bill working its way through the US. 
Senate may not show scientists the 
‘money, but It definitely shows them 
the love. The Senate commerce and 
science committee was expected this 
week to approve the authorization 
Dill, which governs programs at the Na 
tional Science Foundation (NSF) and the 
‘Natlonal Institute of Standards and Tec 
nology (NIST) and federal science educa 
tion and innovation activities. It endorses 
NSF's current approach to choosing what 
research to fund, proposes ways for uni 
versities and scientists to save time and 
‘money complying with federal rules, and 
backs expansion of NSF's wildly popular 
Innovation Comps program to train budding 
academic entrepreneurs 


‘The committee's chairman, Representative 
Lamar Smith (R-TX), and other Republi 
an legislators have ridiculed dazens of NSF 
grants as frivolous or a waste of money. The 
House bills would require that every NSF 
grant be “in the national interes,” a prov 
sion NSF officials say is unnecessary and 
potentially restrictive. Smith and other law. 
‘makers have also urged NSF to eut spending 

‘nthe social seiences and geosciences, 
University officials also welcome the 
Senate bill approach to monitoring federal 
spending without strangling academic in 
stitutions in red tape. One change aims to 
avoid wasted effort by having, funding agen 
fies wait to colleet some information from 
grant applicants until thelr proposals stand a 
good chance of being funded, Another would 
create a central database of investigator pro 
files that all agencies could 


in chap const to tap ding the grant 
socral wasted bile ade aking proces 

Sted ty the Republicans “YNSP'S] peer review te o-page vit wo 
controled US. House of apes also create an oui a 
Representatives that have and merit review visory council to guide the 
intriated many rsearc> processes... Should goverment 3 bilion io 
ers the Senate il enjoys 4 festment in traning atch 
Support or both pa € preserved. savvy workforce. It backs 


ties, That stl may not be Senatebill 3084 
enough to win Senate pas- 

sige, much less fo prevail in any negotiations 
With the House, Hut research lobbyists say 
it demonstrates thatthe bills clef sponsors, 
senators Cory Gardner (R-CO) and Gary 
Peters (D-MI), heard their pleas. “We very 
‘much appreciate the senators’ consultation 
‘ith the university and science community 
sys Peter MePherson, president ofthe Asso 
lation of Public and Landgrant Universities 
‘in Washington, DC. 

‘Two years in the making, the American In- 
‘novation and Competitiveness Act (8. 3084) 
‘would replace the 2010 America COMPETES 
Act, whieh expired in 2018, The bill backs the 
two eriteria NSF has long used to select the 
best research—sclentifc quality and broader 
societal impacts—and the agency’ overall 
approach to grantsmaking. “Its peer review 
and merit review processes have successfully 
‘Mentifed and funded selentiially and sock 
elally relevant research and should be pre 
served” the bill declares 

Labbyists hope the Senate’ stance will 
help defuse a tense, 3-year battle between, 


selentists and the House selence committe, 
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greater use of prizes, com: 

petitions, and erowdsoure: 
{ng to foster innovation. It tells NSF to beet 
‘upefforts to broaden participation in science 
by women and underrepresented minorities. 
‘And by changing the first word in the title 
of the Experimental Program to Stimulate 
Competitive Research to “Established.” the 
Dill would make permanent a government 
‘Wide program launched 37 years ago at NSF 
that gives grants to states with relatively 
Ute federal research activity 

‘The bill urges NSF to ereate a program to 
fund “mid-sized projects” those costing tens 
‘of mullions to a few hundred rnilion dollars, 
‘The agency has previously balked atthe idea, 
although officials agree that NSP currently 
thas no mechanistn to fund unsoliited pro 
posal in that price range. 

‘Authorization bills often set high spend: 
ing targets for appropriators. But S. 3084 
authorizes 2017 funding for NSF and NIST 
at levels already approved by a Senate spend 
{ng panel, and proposes just a 4% inerease in 
2018. MePherson calls it “a positive step, but 
lagging when our global competitors are dou 
bling down on their investment” = 
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SOUTH AFRICA’S BID TO 


ND AIDS 


The tools exist, but the country’s epidemic— 
the largest in the world—won't vield easily 


na Wedne © |, | upto 10 hours, But here something different 
a line of 600 HIV-infected people | ishappening. Staffers at computer monitors | 30 minutes to 2 hours to complete a doctor 
snakes through thehallways tothe | swifly log in people and dispateh thet for visit and 15 minutes at the phar 
first waiting rvom of the Themba | triage or, i they have tuberculosis, a special | macy. A prototype ATM promises to further 
Lethu Clini, a wing of the Helen Thos e directly dispensing ARV pil 

Joseph Hospital in Jot i, | the pviral (A ‘ hoped, similar pill machines 
South Africa, In most places in the , who ret malls could make some elinie 
country, where elinies _ 

taxed, this would presagea wait of | a robotic system to pull drugs from shelves swesomely efficient place; 
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says Ian Sanne, who heads Right to Care, 
2 nongovernmental organization that 
ruins this and several other clinics in col. 
laboration with the health department. In 
developed countries, where patients com 
plain about much shorter waits, this boast 
might seem absurd, But in South Africa, 
the Themba Lethu Clinic is eelebrated as 
fan example of what can be done to care 
for large numbers of HIV-infected people. 
This is at once a compliment to the clinic 
and a hint of the country’s overwhelming 
HIV/AIDS challenge. 

South Africa has pledged to ramp up ef 
forts to end its massive HIV/AIDS epidemic, 
the world’s largest. Come September, it wil, 
offer every infected person ARVs, which 
both stave off disease and make people less 
Infeetlous, The immediate goal is to reach 
‘what is known as 90-90-90 by 2020: to 
hhave 90% of infected people aware of their 
status, 90% of known positives start ARVS, 
and 90% of that group drive the amount 
‘of virus in their bloodstream down to un- 
detectable levels. The theory is that as 
viral levels drop, transmission will, too, 
leading the epidemic to spiral downward. 
This 90-90-90 target is the cornerstone of 
a grand campaign, articulated by the Joint 
United Nations Programme on HIV/AIDS 
(UNAIDS) and widely embraced by world 
leaders, to end the AIDS epidemic “as a 


Lesego Kala 20 who lvesin Soweto, South fica, 
‘was infected with HV at birth. At school, she peaks 
‘ut about stigma and misunderstandings about HV. 


‘lobal public health threat" by 2030. 
In a nation estimated to have at least 
6.6 million HIV-infected people—18% of the 
World's total—the drive to hit 90-90-90 by 
2020 seems avery ambitious to many ex: 
perts, And the obstacles fueed by South AE. 
rica provide a sobering reality eheck to the 
lofty, laudable aspiration of ending AIDS, a 
tople that promises to occupy center stage 
liter this month in Durban at the biannual 
International AIDS Conference. 


SOUTH AFRICA has already made enormous 
‘gains against its HIV/AIDS epidemic. When 
iWlast hosted this international gathering in 
2000, then-President Thabo Mbeki and bis 
hhealth minister questioned whether HIV 
even causes AIDS, triggering widespread 
outrage (Science, 28 April 2000, p. 590). At 
the time, only the wealthiest South Aft 
cans had access to ARVs, which cost about 
'$5000 per person for an annual supply. But 
by the end of 2015, the price had dropped 
to $100, and 34 million HIV-infected South, 
Africans were receiving ARVs—more than 
in any other country in the world. South Af- 
rica, in fact, consumes the same amount of 
the life-saving drugs as Asia and the Pacific, 
North America, and western and central 
Europe combined. 

As a result, life expectaney jumped 
9 years between 2005, when ARVs started 
to become widely available, and 2014. The 
country has pioneered innovative ways to 
deliver the drugs and help people stay on. 
them, And South Aftica’s strong 
cadre of HIV/AIDS investiga: 
tors has made the country a hub 
of cutting-edge basic research 
and clinical trials. “Given our 
resources, we've done amaxing 
things," says Glenda Gray, an HIV) 
AIDS researcher who heads South Africa's 
“Medical Research Council in Cape Town, 

Yet almost half the infected population 
today is stil untreated. Some have not suf: 
fered enough Immune damage from the 
Virus to merit ARVs under current govern: 
ment poliey. Many other infected people 
don't know their status or never seek care, 
and still others who start treatment have 
difficulty taking their dally pills for years 
fon end. Estimates suggest that because 
bf failures in this “care continuum” only 
about one in four HIV-infected South A 
ricans has fully suppressed the virus. “We 
have to ride two horses at the same time’ 
says Farved Abdullah, who heads the quasl- 
‘governmental South African National 
AIDS Council (SANAC) in Pretoria. “One 


{sto improve our system so that the more 
than 3 million on treatment are retained 
fn care and properly managed, and we also 
hhave to expand to a group that is largely 
asymptomatic and wel 

‘Adding to those challenges is South AL 
rica’s alarming HIV incldenee—the percent 
age of the population that becomes infected 
each year. The government reports that HIV 
{incidence has dropped from a high of 1.67% 
{in adults in 2005 t0 1.22% last year, but that 
stil translates into 390,000 new infections 
year. The rates shockingly high in women 
under 25, especially n the hardest hit prov 
Ince, KwaZulu-Natal, where incidence tops 
6% in some communities. 

Health Minister Aaron Motsoaledi, who 
acknowledges that the country's aggressive 
HIV/AIDS program got olf to a late start be 
cause of Mbeki (Science, 22 February 2013, 
p. 898), is confident that South Afriea has 
the willpawer and the money to bit 90-00: 
90, “Can we afford not ta treat people?” 
‘Motsoaledi asks. "Surely, we're going to pay 
‘much more dearly socially, politically, and 
economically if you can't” To that end, the 
government, which already spends $1.2 bil 
lion a year on HIV/AIDS and receives an 
other $00 million in foreign aid, is adding 
'865 million annually through 2019. 

But a new report concludes that me 
{ng the UNAIDS target will require an ad 
ditional $8 billion aver the next 5 years 
“UNAIDS is pushing very hard on our 
health ministry, which doesn't want to 
be caught short again and wants to make 
the ease that we can reach 90-90-90" 
says Linda-Gail Bekker, who co-runs the 
Desmond Tutu HIV Foundation (DTHF) in 

Cape Town and is one of the eo- 
authors of the report. The cost 
fof drugs is just one part of the 
equation, she says. Reaching the 
target will also require massive 
HIV testing and the costly deliv 
ery of ARVs to patients who must 
be monitored and then helped if they're not 
suppressing the virus. “I'm really, really nx 
fous about the resources it's going to take 

There are scientific questions, too. The 
assumption that reaching the 90-90-90 tar 
get will end AIDS is based on mathemati 
al models that factor in ARV "eaverage” in 
combination with other proven prevention 
strategies like male cireumeision, condom 
promotion, and behavior change efforts. Re 
searchers note that in large epidemies like 
the one in South Africa, which has spread 
far beyond “concentrated” populations such 
fas men who have sex with men and sex 
workers, such strategies could prove less ef 
fective than expected, allowing HIV to con 
tinue spreading at high rates even after the 
country reaches 90-90-90, 
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Models and reality 
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Epidemiologist Salim Abdool Karim, who 
runs the Centre forthe AIDS Programme of 
‘Research in South Africa (CAPRISA) in Dur: 
ban, points to recent data from Botswana 
that eal into question the model's assump. 
tions, Botswana, which is relatively weal 
and has a tiny population of 2 million, has 
nearly reached 90-90-90, as shown ina 
study published online on 28 March in The 
Lancet, But incidence has barely budged, 
{m part hecause the missing 10-10-10 con 
tinue to spread the virus. “For a country 
that's close to 90-90-90, the incidence Is 
ridiculously high,” Karim says, “Is seandal- 
ous” A report published by SANAC and the 
hhealth department further questions the 
90-90-90 mathematical modeling. Even if 
90-90-90 leads to big declines in new in 
fections by 2030, that report suggests that 
incidence in South Aiea’ population of 
58 million will not quite drop below 0.19%— 
the level that UNAIDS says it must reach for 
an epidemic to end. 

The bottom line is that it remains an 
‘pen question whether the 90-90-90 treat 
‘ment goal really can stop the spread of HIV 
in South Afra, Some ofthe world’ largest 
controlled trials of treatment as prevention 
(TasP) are underway in the country to try 
to answer it 


IWAN AREA known as Mfckayi in rural 
KwaZulu-Natal, two dozen people are sit 
ting on the shaded porch of a plywood shack 
waiting thelr turn to see a counselor. The 
shack is the Egedeni Clini and the people 
fare partielpants in a 28,000-person, mult 
site clinical trial that will assess the precise 
relationship between increased levels of HIV 
suppression in a community and drops in 
incidence. At Egedeni and 10 other elinies 
across the province, the TasP study offers 
ARVs to all infected partiipants. Another 
11 Tia clinies instead offer treatinent in 
keeping with current government recom 
‘mendations, meaning that people start ARVs 
only after their immune systems show signs 
of damage. 

‘One by one, the participants hand bottles 
of ARV they received a month earlier to 
the counselors, who count the remaining 
pills, This ritual, which is a erude way to 
‘monitor adherence, underscores an abwious 
Limitation of the underlying strategy: Even 
ARVs make people less infectious, TasP re 
lies on the fickle relationship bumans have 
‘with taking daily medications 

Run by the Afriea Centre for Population 
Health in nearby Mtubatuba, Tas? is the 
furthest along of four similar large trials in 
sub-Saharan Africa that are examining the 
‘are continuum and the real-world outcome 
of “universal treatment” Early analysis of 
‘TasP results found that fewer than 40% of 
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the people who tested positive sought care 
within 3 months, as recommended. This 
first step still has remained a major stum- 
Dling block on the road to 90-90-90, 

‘AL the International AIDS Conference 
later this month, the researchers plan to re 
‘vel whether thelr intervention has reduced 
Incidence, “This will be the frst oppor 
tunity to assess whether, in fact, the bio: 
logical rationale is actually true in practice; 
says Deenan Pillay, a clinical virologist who 
heads the Aiea Contre. But Pillay says the 
study already has made clear that ending 
AIDS is not simply a matter of “lets just 
treat everyone and everything will 
bbe OK In the final analysis, he 
says, the power of Tis? depends 
as much on human behavior as it 
does on biology. 


JACQUALINE NCUBE, 2 19-year-old 
restaurant worker, frst took an 
HIV test when she was in high 
school. At the time, Neube spent 
many hours after school hanging 
‘out at DTH’ Youth Centre, which 
abuts the strugeling township of 
Masiphumelele outside of Cape 
Town. The Youth Centre offers 
teens Internet access, olds soe 


‘cer matches, loans surfboards, and 
providescareatahealth cline: Kids 
also earn “Tutus good for shop- 
ping vouchers or food, for every 
thing from helping the community 
to takingan HIV test. When Neube 
‘other first results, she was over- 
‘whelmed. “I really streamed” she 
says, She was negative. 

Neube has repeatedly tested 
negative, and in April 2015 she 
joined the Youth Centres Pllsplus, a study of 
‘what’ knawn as pre-exposure prophylasis, 
‘or PEEP, in 150 teens, With PrEB, uninfected 
people take daily ARV pills to prevent infec 
ion. Although PrEP is a proven strategy, 
‘South Arica recommends its use only in sex 
‘workers, and Neube is one ofthe fist hetero- 
sexual teens in the orld to take ARVs for 
prevention. She still uses condoms with her 
Doylriend, but says she wanted to try PrEP 
‘because “no protection is 100%: 

DTHPs Bekker, who is heading Pilsplus 
to assess PrEP's acceptability in teens, con 
tends that PrEP should be provided to all, 
people at high risk of infection. “When I sit 
‘opposite a 7.yearald young woman, I have 
nothing to offer her” Bekker says. 

CAPRISAS Karim says using PrEP in 
young women could be key to breaking the 
epidemics back. About 0% of new infec 
tHons in South Africa occur in young worsen, 
‘between 15 and 26 years of age. The new in 
fection rate in men in the same age bracket 


ls more than four times lower. In some 
districts of KwaZulu-Natal, a woman has a 
60% chance of becoming infected by age 34, 

To understand the pattern of viral 
spread, CAPRISA and the Africa Cen 
le mapped out the infection eyele be 
tween men and women of diferent ages 
in KwaZulu-Natal. The study analyzed the 
genetic sequences of HIV isolated from 
858 men and women, all between 16 and 
‘35 years old, who belonged to the same 
sexual networks. The viral genetics Linked 
different isolates and indicated which ones 
were older, allowing the res 


earchers to infer 


who infected whom. Teenage girls were in 
fected by men who were, on average, 8 years 
older. After the age of 24, people typically 
became infected by partners thelr own age, 
with transmission more frequently mov. 
ing from woman to man. “They are trying 
to find lifetime partners a this age” Karim 
says, These older men are the same group 
having sex with the youngest women. “We 
have to break the chain between men in 
their late 20s and teen girls” he says 

PrEP can help address shortcomings of 
TasP, Karin says, Inthe infection-eyee study, 
‘men who infected younger women had ex 
tremely high HIV levels, indicating they re 
cently acquired the virus and thus would not 
appear infected on standard antibady-based, 
tests. “If your strategy is to test and treat 
these people, you're not going to eatch them’ 
Karim says, Men are also less connected to 
the bealth care system and often migrate for 
work, he adds, making it more dificult to 
help those who know they are infected fully 


suppress the virus. Giving PrEP to young 
women sidesteps the male dilemma. “We 
Just have to protect girls for 5 years in that 
critical risk period until they find their par 
ners" he says. 

Karim says new biomedical interventions 
fon the horizon may bolster prevention ef: 
forts. His group plans to report at the Dur 
ban meeting that it has identified an unusual 
‘microbe linked to vaginal inflammation in 
women in KwaZulu-Natal, Treating it could 
potentially lower thei risk of HIV infection, 
Injectable ARVs that last for 2 months are 
also being tested in South Africa and else. 


Arobot pis antiretroviral des of the she to lp Rajan Cul’ pharmacy team at the Tema eth Cini. 


Where, and those could eliminate the chal: 
lenge of taking daily pills—a key problem for 
both treatment and PrEP. Nest fal, South 
Area plans to launch the world’s only eff 
‘acy tral of at AIDS vacelne—the strongest 
preventive medicine ofall 

For now, 90-90-90 is the most powerful 
tool available to South Africa in its quest to 
end its epidemic, even if PrRP and other new 
strategies ultimately are needed. SANAC’S 
Abdullah takes a pragmatic view of meeting 
the UNAIDS deadline. “I think we should 
plan fort, because if we don't itt by 2020, 
‘well do it by 2022" he predicts. “What were 
really after is bringing down new infections 
to low levels” along with getting as many 
HiV-infected people as possible on treat 
‘ment and living longer lives. The virus it 
self, Abdullah says, “will be with us for the 
next 100 years.” 


The Pulitzer Center on Crisis Reporting pro- 
vided support for the reporting in thie story, 
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NEXTGEN VOICES 


Science in brief 


In April, we asked young scientists to use exactly six words 

to create a story about the life of a scientist in your field. We 
received almost 400 responses, some frustrated, some inspiring, some 
humorous, and all describing a life unique to a scientist. We have 
printed some of the most interesting responses here. Follow Science's 
NextGen VOICES survey on Twitter with the hashtag #NextGenSci. 


22 vow 


On careers 


Fist job interview. Buy har dye. 
Wen Siang, Oncology, USA 


Thank goodness: Yet another 
6-month contract! 
Daniela Liebach, Pont Biology, Swaden 


Education: Multiple university degrees. 
Profession: na, 
Wioleta Kijewskea, Computational 
Neuroscience, Poland 


On data 


Koch postulates: TB, or not TB? 
Digby F. Warner, 
Myeobacteriology, South Africa 


Big data! Clean: No statistieal power. 
Abhishek Niroula, Bioinformatics, Sweden 


Data overload: Juggling balls, many fall, 
‘Noa Sher, Cell Therapy, lrael 


CCaleulation frst, interpretation 
Tater. Or, never. 
Bongijae Kim, Computational 
‘Materats Seiene, South Korea 


P equals 0.051. Repeat? Abandon? Bayes? 
owa Li, Psychology and 
‘Neuroscience, USA 


Science: secking answers amidst 
Whack-a-mole problems. 
David Jason Garfteld, Chemistry, US 


On setbacks 


Mice eaten by eats, graduation delayed, 
(Chenggang Yan, Intelligent Information 
Procesting, China 


The experiment failed. Or did 7 
Irina Tiper, immunology, USA 


Exciting new result! No..coding mistake. 
‘Frank X. Vazques, Chemistry, USA 


Results were promising, until they weren't 
David Edward Gilbert, Energy and 


Environmental Genome, USA 


"My new discavery!" became old today 
‘Han Sang Kim, Cancer Genomics, 
‘Medica! Oncology, South Korea 


On funding 


New outbreak, Funding reprioritized. 
New outbreak. 
Jonathan J. Madara, Virology, USA 


Scooped. No grant. Back to clinic 
“Agnes Hou Ngee Tay, Genetics, Singnpore 


Grant seeker: Amazing skis 
sadly unfunded. 
Katie, Clark, Molecular Genetics, USA 


Asterold-bound spaceeraf, under 
proposal pressure 
Christine Hartzell, Aerospace 
Engineering, USA 


Funding needed for error bar revisions. 
Angela Claire Tomesik, 
‘Netiroseience, USA 


On recognition 
Epilogue: Changed the world, few knew 


Greg Maguire, Physiolory and 
Systems Biology, USA 


bat you're not a “doctor” Dr 
‘Kota Hatta, Medical Sciences, Japan 


‘Prequenty right. Never forgotten 
when wrong. 
‘Marian Peteski Meteorolgy, USA 


‘Unsung hero in sustainability” 
says tombstone 
‘Bing Xue, Sustainability, China 


On diversity 


You'e brilliant, but you're not American, 
Yuka Takemon, Genomics, USA 


Female scientist, struggle for 
fairness persists. 
‘Masha Georges Savelief Chemistry 


‘and Biology, USA 


Developing countries: Brains of 
advanced countries. 


‘Mahmoud Mohamed Shehata, Molecular 
Virology and Tnfctious Diseases, Egypt 


On parenthood 


Reprodueti 
her own ees. 
Germaine Goh, Cl! Biology, Singapore 


selentist, Freezing 


Sorry son, I should be weiting 
Timothy L. Easun, Chemistry, UR 


Planning on children?” No right answer. 
Heather M. Lee, inyunology, USA 


“Toward “reproducibility” not “reproduelng 
ability? Mom. 
Emily Kay Petruccelli, Neurogenctcs, USA 


“Postdoc. Fath 
Dut tomorrow 
‘Matt Wiebe, Virology, USA 


Balanced today. 


On discovery 


There's something alive in the incubator, 
NH. Diane Kim, Bioensincering, USA 


Modern ancient Palmyra, Civilization 
falls again. 
Daniel H, Sandweias,Archacology, USA 


Scientist, looking closely, mistakenly 
finds truth 
Joshua Taaae James, Digital Forensic 
‘Science, South Korea 


Controlled chaos revealing explosive 
stellar events 


Gregory R. Sivakeff, Astronomy, Canada 


Planets found. Now searching for life, 
David A. Weintraub, Astronomy, USA 


‘Synthetic biologist: Engineering 
life over eotfee! 
‘Zarrin Basharat, Bioinformatics, 
‘Microbiology, Environmental Seinces, 
Pakistan 


Deep sequencing can't replace 
‘deep thinking, 
‘Dan Webster, Cancer Genomics, USA 


Bridging seientists with software: 
Challenge accepted! 
Michael. Tarselti, Chemistry 
Information Systems, USA 


Diving in sand, bridging 
adjacent ecosystems, 
‘Kyle Aaron Emery, Coastal Heology, USA 


‘Animal, let me ln your mind, 
‘Mirjam Johanna Guesgen, Etholosy and 
Zoology, Canada 


Fire Science: Hot bodies, cool heads, 
‘Norman Joseph Aloares, Fire Science, USA 


(Old roeks, new theory, old rocks 
David W: Seymanski, Geology, USA 


Beware the restlessness of coastal sand 
Donald C. Barber, Geology, USA 


‘Surgeons should wear masks! Possibly not? 
‘Silvio Daniel Pitti, Infscinus 


Diseases, Sera 
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‘Look! He dreams abut his mom! 
Bohan Zhao, Neuroscience, China 


Thinking over the nature of thought 
Rohan Sharma, Neuroscience, India 


Everything in moderation, or maybe not? 
‘Ryan Alexander Coots, Nutritional 
Seiences, USA 


Drought approaches; previous symbionts 
become enemies 


Amelia Snyder, Pant Feology, USA 


Hybrid rice, whole life, unchanged farmer. 
Rongjun Chen, Bice Breeding, China 


Lets create a dancing colorful bacteria, 
“Anibal. Arce, Synthetic 
‘Biology-Plants, Cite 


frcells: Hey! Come and Kill me. 
Upaid Utah, Type} Diabetes, Finland 


Budding yeast research makes better beer. 
Sriram, Yast Genatics, USA 
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Remote area, broken shoes, good papers 
Wenjin Xia, Geography, China 


(Cut jungle, Found temple, It rained. 


Felicia Beardsley, Archaeology in the 
Trupieal Pave, USA 


Tbunsen burnt my 118th worm. 
Eugene L. Q. Lee, Neuroscience, USA 


On schedules 


‘Warning: No luneh at noon seminar, 
Richard Kyle Lacker, Invunology, USA 


Carpool partner available: 
5am/1ipm every day. 
Hoang Lu, Chemical and Biological 
Engineering, USA 


Science and life, 
need integration. 
‘King L. Chow, Life Science, China 


sompartmentalized, 


Living my life under extreme pressure 
“Alerandra Seelaman, Mineral Physics, 
Germany 


Post Ph.D: 30 is new 20, 


Terry McCallum, Organic Chemistry, 
Canada 


Scientists, no different from lab rat. 


‘Kingston Mak, Developmental Biology, 
Hong King 


On publishing 

Dear incompetent reviewer, 

we fully agree. 
‘Mathian¥: Schmit, Newroscienc, 
Germany 


Science journalist seeks aeronym-free story. 


Carol Lynn Alpert, Science 
Communication, USA 


Now deleting: Negative results, 
never published. 
Yifan Li, Chemistry, USA 


Reviewer wants “just ang 
‘more experiment! 
Luis Mendasa, Computational 


Biology, Merieo 


No prestige given for null results. 
John Protsko, Psychology, USA 


Endlessly pipetting toward first 
author dreams. 
Heather M.Lee, Inmanology, USA 


On motivation 


Living beings make me like fossils. 
‘Shivangi Thwart, Geology, India 


Engincering life, to better everyone's lives. 
‘Do Soon Kim, Chemica! Engineering and 


‘Synthetic Biology, USA 


Pssst: You can make a difference 
‘Sean M, Hartzell, Conservation Biology 
‘and Herpetology, USA 


A cil, Jooking up, becomes explorer 
Paul Kevin Byrne, Planetary Science 


Continuous failure redeemed by 
‘Meeting succes. 
Ken Hatcorsen, Biophysics, USA 


‘Completely frustrated insight 
recedes joy. Repeat. 
Timothy Michael Kernan, Microbiology 
‘and Bioengineering, Canada 


‘Ty. all Try harder. Fil again. 
‘Robert Kumsta, Prychology, Germany 


‘Scientists: Global citizens with local burdens, 


Hari Krishna Bisoyi, Systesis and 
‘Stuy of Organic Liquid Crystalline 
‘Materia, USA 


(Cradle to grave fight against waste. 
Fingzheng Ren, Environmental 
Engineering, Denmark 
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How frigate birds soar around the doldrums 


Frigate birds forage over vast distances by getting boosts from thermals and trade winds 


‘By Raymond B, Huey" and Curtis Deutsch? 


fn 1492, Columbus encountered frigate 
birds wihile en route to the New World 
and noted that the bird “does not alight 
fon the sea nor depart from land 20 
leagues’ (), Columbus observed cor 
recly that frigate birds do not land on 
the sea, but he severely underestimated hov 
far some frigate birds fy from land. On page 
‘ofthis issue, Welmersklrch eta. (2) show 
Uhat great frigate binds (Fregata minor) re 
‘duce transit costs by riding strong thermal 
uupdrafts beneath or inside eumulas clouds 
and then gliding long distances to another 
thermal, searching for food along the way: By 
‘exploiting cumulus clouds and trade winds 
Inthe Indian Ocean, the birds forage around 
the doldrums, a largely windless zone 
Sutellite technology is revolutionizing mi- 
gation studies on land and sea by track: 
ing individuals in real time for long periods 
(3,4). To monitor the position and altitude 
of frigate birds, Weimerskireh et al. outfit- 
ted birds with’ solar-powered transmitters 
for datu-loggers to measure heart rate, wing 
beat frequency, acceleration, altitude, and 


GPS coordinates. They used weather records 
to determine local wind speed and direction, 
and a bird’ behavior and heart rate to infer 
‘whether the bird was actively flapping or 
soaring under or within cumulus updraft 


After breeding on an islet in the Mozam- 
bigue Channel, adult frigate birds fly north 
to the Seychelles and forage from there for 
months. Some adults tricked in the study 
launched multiday teks, circumnavigating 
the doldrums (se the figure). One flew contin 
ously for 4 days, averaging 420 kan per day 
Recently fledged juveniles departed separately 
from the breeding site and flew even farther 
and longer than their parents. One juvenile 
stayed aloft for 21 months; others stopped 
briedy on stall islands but still flew almost 
continuously: One juvenile covered more than 
55000 km (greater than Earths eircumfer 
ence) in 185 days, resting on islands for less 
than 4 days during this time 

How ean frigate birds manage these long 
distance feats? Soaring and gliding are ener 
setieally efficient modes of transport, expe 
cially for frigate birds, which have very long 
wings and the lowest wing loading of any 
bird. But before they can glide, they need a 
lift from thermals of warm air rising under 
andl within cumulus clouds. Thermals inside 
cloud are especially powerful and lift frig 
ate bird at rates of to 5 mis Once aloft 
the birds ean glide for up to 60 kin, giving 
them time to spot another cumulus cloud, 
Weimerskirch et al. ahow that frigate birds 
do litle work during lifts and glides, with 
heart rates and wing beat frequencies gener 
ally low during these times. The birds repeat 
these soar-glides multiple times per da, ris 
ing more than 15 km on average; they mainly 
tse flapping Might when pursuing prey near 
the sea surface, 


(Only a few other bind species stay aloft for 
such estended periods; one alpine swift flew 
continuously for 200 days (5). Whether and 
how frigate birds, swifts, and other long-di 
tance migrants sleep on the wing is still un 
resolved (2). Miniature logyers that monitor 


sleep-wave patterns (6) should answer wheth 
erbirds slep “with open eyes" as Chaucer stat 
ed in The Canterbury Tales, 

Frigate birds and human gliders have 
much in common. Hoth use cumulus 
clouds as conspicuous signals af thermal. 
Nonetheless, human gliders tend to avoid 
soaring in clouds (7, whereas frigate birds 
use these clouds to gain altitude and thus to 
slide extra distance (2. 

Human gliders and frigate birds also share 
farisk of premature “land-out” Foreed land 
{ng on afield is usually just an inconvenience 
for humans. But an ocean landing would be 
catastrophe to frigate birds, because their 
feathers are not oiled and would wet quickly 
Frigate birds do not take rest stops on the 
‘ater, as Columbus noted (2), and they ean 
switch to costly flapping fight when their 
glide paths run short of the next thermal 
(@). Even so, the local unpredictability of 
thermals places frigate bieds at some risk on 
their transoceanie migrations. 

The fight paths of frigate birds often skirt 
the nearly windless doldrums; ancient mar 
ners famously avoided these zones unless 
forced (9). However, the trade winds and 
thermals that surround the doldrums are 
regionally reliable, providing frigate birds 
with crucial lifts and assists (2). Stil, the 
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Figate bins onthe wing. Groat gates (Fepata 
minor are piers pr excellence, staying alt for 
‘months tate Wemershrchet al sha that the 
birds travel economical by repeated itching its on 
ring thamals and then ping fr tens flees. 


‘obvious question is why frigate birds even 
bother to circumnavigate this region, 

‘Many other birds migrate seasonally as 
they shuttle between breeding and overwin- 
tering grounds, But for frigate birds, the mi- 
ratory journey is a “movable feast" as they 
travel continuously in search of food (ZO) 
‘The Indian Ocean is productive, but unlike 
‘other equatorial oceans, its seasonally re- 
versing wind patterns increase phytoplank- 
ton productivity toward the west and aveay 
from the equator. Fish and squid ean be lo- 
cally abundant (10), especially in the west- 
em regions (22). But if frigate birds eannot 
land on the ocean, how do they cateh marine 
food? They sometimes steal food from other 
birds, but they eateh most of their food by 
skimming fish and squid from the sea sur- 
face, or even shagging flying fsh chased into 
the air by tuna oF other predators (10) 

Columbus reported seeing frigate birds, 
‘boobies nl trope birds on days when the sea 


Bird ight and trade winds: =p 
1 Siete currents 
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‘was “thik with tuna” (D, is spatial cangru- 
ence of marine birds with tuna is likely not a 
coincidence. Tuna and dolpbinfish ean chase 
‘small fish to the surface, wheve frigate bigds 
can eatch them (10) Surfae-foraging schools 
bf tuna—or associated locks of foraging sew 
birds—will be conspicuous to high-flying fig 
ate birds, which ean shift their fight dire 
tions accordingly. In fact, human fishermen 
tse seabird flocks to locate tuna, 

‘The doldrums, and the atmospheric and 
jeeanie circulations that surround them, thus 
play multiple roles inthe lives of frigate birds 
and other marine birds. As Weimerskirch et 
al, document, trade winds and their cumulus 
loud allow frigate birds to soar and glide in 
search of food that is spatially and temporarily 
patchy (10). Moreover, these trade winds cre 
ate seasonal patterns of upwelling and a large 
gyre of surface currents that sustain arich ma- 
Fine ecosystem and coincide with transoceanie 
tuna migrations (22. Thus, atmospheric circu 
lation provides both transportation and food 
for frigate birds, Curiously frigate birds seem. 
to avoid some productive areas near the dol- 
drums (Arabian Sea, Bay of Bengal, southern 
Indian Ocean), Perhaps high storm frequen 
‘ls or ind intensities in these areas (2) are 


Frigate beds soaring 
nda or ncurl 
‘aude canbe upto 
‘toSmpersecandand 
thencan ade upto 
60k (tere 
ingayxe2) 


Circummavigating the doldrums, Yisimerchechet a used satlite echnalogy to track the igh paths of gt 
tir around the nan Ocean, Fade wis un lacks rune he dlrs ring srtce currents, ling 
‘umulslous, and fghprimary productivity (chloroty, especialy nthe west. Tnacase fh and sai othe 
surface anda them accessible ta rigat is in thse epi. rade winds nd thai cumulus Clouds thus ve 
frigate its ow ost access torch raging ones that can be stn ram an 
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too much of a good thing, oF etun winds are 
not available when needed. 

Studies of bird migration over land are 
‘now elucidating how orographic and meteo- 
ological patterns influence bird flight trajec- 
tories (29). Similar studies of bird migration 
lover oceans may require simultaneous in- 
formation on spatial and temporal patterns 
of wind and clouds, currents and upwell- 
ing, primary productivity (4, 19), forage 
fish accessibility, and even the abundance 
and depth of marine predators such as tuna 
(2 that ean chase forage fish to the surface. 
Simultaneous studies both above and below 
the sea surface will be logistically challeng- 
{ng but should clarify why frigate birds and 
other marine birds go where they xo, why 
they do not go elsewhere, and where they 
vill be forced to go in the future. 

It will aso be interesting to compare de- 
tailed flight behavior of frigate birds and 
other marine birds (8) against an emerging 
stochastic theory of optimal glider tying (7) 
That theory ill need expansion to account 
for small-scale ocean fronts and eddies that 
aggregate food resources but are spatially and 
temporally unpredictable on a loeal scale 

‘As Weimerskirch et al. caution, elimate 
change may soon disrupt meteorological 
conditions that currently enable frigate birds 
to exploit these regions. Climate change is 
also rapidly warming surface temperatures 
in the Indian Ocean, phytoplankton popula- 
tions are declining, and continued warming 
say convert this still- productive region into 
an “ecological desert" (15). For either or both 
reasons, great frigate birds and other ma- 
rine birds may no longer soar and glide over 
these vast regions. 
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PHysics 


Timing photoemission—Final state matters 


Ultrafast spectroscopy can track the electron dynamics of the photoemission process 


‘iy Uwe Bovensiepen an Manel Ligges 


hhe photoemission of electrons from at 
foms, molecules, and condensed matter 
provides the experimental bass of our 
understanding of electron structure. 
During the process of photoemission, 
a sufficient large quantum of electro- 
magnetic radiation (a photon) is absorbed 
by matter and converted into an electronic 
‘citation, promoting a bound electron into 
fa final state above the vacuurn energy £, 
In photoemission speetroseopy, the kinetic 
‘energy and momentum of electrons in such 
final states are analyzed after their propa 
gation to a distant detector. To determine 
the electronic structure of the sample, the 
“sudden approximation” has to be fulfilled, 
‘whereby the photoelectron leaves the sample 
fast enough, without further interaction with 
the remaining electronic structure. On page 
(62 of this issue, Tao eal (provide unpree- 
‘dented insight into final-state dynamies by 
measuring the ime a photoelectron takes 10 
leave a solid material for characteristicaly 
different final states. By comparing an elec- 
tron excited toa final state of a nickel solid 
WV." with one excited to a state of vacuum 
Vis, they establish that a photoeleetron re 
sides in the final state for 200 attosecond 
(as) (2 » 105) before it leaves the nickel (sex 
the figure) Such time seales would still allow 
for the eleetron to interact with ts surraund= 
Ings and, thus, are relevant for the validity of 
the sudden approximation, 

‘Attosecond time-resolved spectroscopy uses 
the highly nonlinear interaction of intense 
femtosecond laser pulses with atoms to gen- 
crate attosecond pulses in the vacuum (VUV) 
land extreme ultraviolet (XUV) spectral ranges 
‘synchronized withthe driving laser field, 3). 
“The method was the key to observing atomic: 
scale electron dynamics in the time domain 
and was first applied to atoms and molecules 
in the gas phase (2). An investigation of atto- 
second eleetron dynamics in condensed mat- 
ter was reported at the surface of a tungsten 
‘xystal, in which a 100-a8 delay was found be- 
tween the photoemission fram the conduction 
Tran and shallow core levels (5. To explain 
this effect, different propagation velocities 
and scattering in the respective fnal states, 
inital state and band structure characteris: 


‘ey Basten Fy Pye 
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tics, and dynamic sereening are considered 
(6-10), Surprisingly, experiments on single 
crystal magnesium surfaces did not provide 
evidence for such an attosecond delay (22, but 
it wasseen in photoemission from magnesium 
monolayers growin on a tungsten surface (12) 
The photoelectrons emitted by single isolated 
attosecond pulses, which exhibit a spectral 
‘width of several electron volts, were analyzed 
inthe presence of an intense infrared (IR) la 
ser pulse; an approach that provides diret ae 
cent to attosecond electron dynamics 

Ina complementary scheme, also used by 
Tho et al, attosecond pulse trains were used 
to analyze electron dynamics at solid surfaces 
23) with the opportunity to operate at lower 
photon energy inthe VUV spectral range and 
to spectrally resolve initial electronic states 
with a =1eV energy diference, The attosec 
fond response is retrieved by analyzing the 
time evalution af photoemission sidebands in 
the presence of a streaking near-IR (NIR) lt 
ser field by using an interferometric technique 


(4). The observed attosecond delays in photo 
emission and corresponding experiments lead 
to the conclusion that bulk final-state effects 
‘must play an important role in photoemission 
from noble metal surfaces (15). 

"Tuo et al. measure the attosecond response 
1s a funetion of photon energy. They identify 
the signature of resonant photoemission into 
‘bull final state V,%, which represents a high 
ly excited state of solid nickel, and distinguish 
from that ofa free-leetron final state 
Which resides outside the Ni in yacuurn, The 
difference in photoemission from these final 
states corresponds to their damping inside 
the material (see the figure). Because W)* is 
off-resonance with bulk final states, é cannot 
‘propagate into the solid and is damped within 
‘ane or two atomic lvers. In contrast, W)" re 
des in and outside the sold, alshough with 
1 different frequency due to the different po 
tential. The photoemission delay of 200 as a 
the energy of V, allows inferences regarding 
the depth inside the material at which photo 
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flectrons are bor, which may be viewed as an 
effective damping of VY," in nickel, An essen- 
tial question, though, s what distance an elec- 
tron ean propagate within the sample and sill 
be detected as an electron populating 
Finally, the high potential energy’of the pho- 
toclectron, more than 20 eV above the Fermi 
level, makes it highly excited state with an 
extremely short lifetime (¢ = 200 as) The dis 
tance d over Which tis electron ean props 
sate with a velocity © without losing enengy 
‘due to interaction withthe solid is referred to 
asthe inelastic mean free path. However, it is 
fot obvious which v és the appropriate one 
“Tuo ot al discuss that consideration of the 
group velocity of the eletran inside Ni results 
{ too-small values ford. To obtain this quan- 
tity in agreement with values from the litera- 
ture, propagation ofthe electron inside nickel 
as a free electron has to be assumed, which 
is supported by earlier work on magnesium 
(a1) and esvited state theory. Essentially, the 
photoelectron leaves the crystal before it ean 
experience the surrounding solid 

‘The experimental scheme and findings of 
“Tao eta might have widespread implications 
for future analysis ofthe electronic structure 
of solid material, The extremely short in- 
elastic mean free path of just afew angstrom 
makes photoemission a surface-sensitive 
‘method prone to complications if one alms at 
the electronic structure of three-dimensional 
bull materials. Current efforts use xray pho- 
ton energies in photoemission (16). However, 
the use of low photon energy inthe UV spec: 
tral range promises bulk sensitivity in some 
limits as well, while providing ample oppor- 
tunity for time-resolved experiments that ad- 
dress correlations in complex materials (7). 
"Tuo ef al. have shown that attosecond spec: 
troscopy of solids has the potential to analyze 
the fundamental processes limiting bulk sen- 
‘sitivity im photoemission and to develop this 
prominent spectroscopy further beyond eur- 
rent limitations, = 
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ANTHROPOLOGY 


The evolutionary path 
of least resistance 


Evolution favored teeth with thicker enamel over sharply 
crested teeth in hominins confronted with tough diets 


‘By. S. Ungar ond LJ. Mluskot 


aleontologists_ typically reconstruct 
past behavior by assuming that fun: 

Hon follows form, But there ean be 

‘more than one funtion for a given 

form, and different forms ean serve 

the same function, Deconstructing 
e relationships ean be complicated. 

We use an example fram human evo: 
lution—markedly diferent tooth morpholo 
tle in early homnins—to show that insights 
about the underlying genetic architecture of 
form can help us to better infer funetion and 
deepen our understanding of evolution, 

In the eastern and South African fos: 
sil record of human evolution during the 
Pllo-Pleistocene (about 27 to 12 million 
‘years ago), there is a group of species with 


“Because the same 
anatomical solution may 
emerge from different 
adaptive challenges, genetic 
architecture provides a key 
piece of the puzzle when 
inferring function from form 
in the fossil record.” 


remarkably specialized eraniodental anat 
omy. Exemplified by Australopithecus/ 
Paranthropus boise from eastern Africa and 
-A/P. obustus froma South Aiea these hor 
Inins evince large, Mat, thickly enameled 
teeth (ee the figure), heavily buttressed jaw 
and face, and attachment sites indicating 
massive chewing museles (). These charac 
teristics are often interpreted as adaptive for 
crushing hard foods; the first fossil found 
was nicknamed the “nuteracker” man, But 
recent studies call into question a simple 
form-function relationship between mas 
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tieatory morphology and diet (2), fueling a 
long-standing debate over thelr evolution 
ary relationships (9). 

‘The carbon isotope values for A/P.robus. 
‘us indicate that this species had a mixed 
diet of leaves, fruits, grasses, and sedges; a 
range of microscope use-wear pitting an its 
teeth is consistent with only occasional eon 
sumption of hard objeets. In contrast, A/P. 
boise’ has carbon isotope values indicating 
a diet dominated by grasses or sedges. A 
pattern of dental microwear seratches on 
its teeth, along with an extreme gross tooth 
‘wear gradient, is consistent with grind 
ing or milling Softer, tougher, and perhaps 
‘more abrasive foods. So despite their similar 
‘masticatory morphology, chemical and wear 
traces of the foods eaten suggest that these 
‘so species differed markedly in their diets 
(). Neither was a specialized “nuteracker?” 
notwithstanding a craniodental toolkit that 
at first glance suggests otherwise 

‘One argument against the idea that 4/2 
Doiseé ate tough foods is the observation that 
no living leaf-eating primate has fat teeth, 
Gorillas, for example, have comparats 
Jong shearing crests rather than blunt cusps, 
presumably because blades are more efficient 
for fracturing tough leaves (see the figure) () 

‘We propose that although a flat-toothed 
grinding platform may be suboptimal for 
fracturing tough foods relative to a bladed 
(crested) morphology, itis a better solution 
than the smaller, less thickly enameled mo. 
lars of A/P. boise’s predecessor, Australo 
pithecus afarensis (see the fygure) (5). The 
latter lived between about 3.85 and 2.95 
million years ago, whereas A/P.boisel lived 
between about 2.3 and L2 milion years ago, 
‘The flat teeth of 4/P boise’ would have been, 
particularly advantageous when combined 
with masticatory structures capable of gen 
crating and transmitting repetitive loads 
associated with heavy grinding of tough 
vegetation. The Key piece of evidence that 
unlocks this evolutionary puzzle lies in the 
genetic architecture of tooth shape. 

Knowledge of genetic architecture of 
tooth shape comes mainly from develop 
‘mental geneties research on mice, animals 
that last shared a common ancestor with 
‘humans about 70 million years ago. Despite 
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Morphology and development of hominin molars 


Flat teeth witha thicker enamel cap can evlve 
quickly than a crestor morphology 
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this evolutionary distance, there are numer- 
‘ous reasons to assume thatthe main mecha- 
nisms are similar (6). From a subset of the 
300 genes involved in mouse molar devel- 
‘opment, Salazar-Ciudad and colleagues (7) 
hhave developed an in silieo model of tooth 
‘development that shows how reaction-diffu- 
sion processes can modify cusp patterning. 
Tis model works well for the teeth of seals 
(which are essentially. two-dimensiona), 
However, it does not extend to more com- 
plex structures sue asthe reetangular teeth 
‘of most primates, nor does it explain why 
‘cusps with different heights form. Tooth 
‘cusp patterning is genetically complex. Con- 
‘sequently, the selection that leads to changes 
In eusp patterning has to persist over long, 
periods of time. The paleontological record 
‘confirms this, showing that although shear- 
Ing eusps have evolved repeatedly, they did 
0 on time seales of many millions of years. 

Had the A/P boise lineage persisted for 
longer than ~2 milion years, perhaps their 
descendants might have eventually wound 
up with spiky, erested cusps more like those 
‘of gorillas. But the evolution of humans’ clos. 
fest relatives occurred over a much shorter 
Interval, one in whieh selection would have 
‘acted fist and foremost on phenotypes that 
‘were already varlable within and between 
populations, and whose genetic architecture 
facilitated a rapid response. 

‘AL least four independent lines of evi- 
‘dence indicate that enamel thickness is such 
2 phenotype in primates (see the figure) 
First, quantitative genetic analyses demon- 
strate that enamel is highly variable and 
heritable, without causing other phenotypic 
changes (8). Second, thicker enamel corre: 
lates with more abrasive diets across extant 
primates, which suggests that both fracture 
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Fisk and abrasiveness can select for it (9), 
‘Third, enamel thickness is highly variable 
among closely related species (10). Fourth, 
there is evidence of selection In noncoding 
regions of two genes involved in enamel for 
nation across the great apes (1). 

‘Although sharp shearing crests may be 
better for fracturing tough plant parts, evo 
lution tends to follow the path of least ress 
tance. That path is defined by the strueture 
of the underlying genetic covariance (12) 
Over the shorter time frames of hominin 
evolution, highly variable, highly heritable 
molar enamel thickness, with its simple ge 
netic architecture, was probably the pheno: 
typie response that came first when these 
creatures were confronted with a mechani 
cally challenging diet. Because the same 
anatomical solution may emerge from dif 
ferent adaptive challenges, genetic archi 
tecture provides a key piece of the puzzle 
when inferring function from form in the 
fossil record. 8 


‘LSet es 298 5(205). 
Seasthentoprcestng i Pde 
Theme ducraeas Hece he weuscslashes 
Teabosedgebothoomerltives IM aap 
4 FS Urey Spree Steer 334 190(20) 
4 Lis Dna cna oly Hav ets 
(career, ras 2008 
5 oheretal Ratue22 7986) 
ihn Sage mane ool 368, 
rea 
2 {Star Cd Cur Op Gaeta 22585 (202) 
& CTathoetat An 1 Atop 4232008 
a Pampusneali Hun a! 64 26(209, 
1B. A Reta fr! Pye At 5,7. 
LL Le onal ol (208, 
ED Sehr tions Dee) 


rou26/ecenceanf2208 


Promoting 
CNS repair 


What influences glial 
and neuronal response 
to neurodegeneration? 


By Evan G. Cameron and 
Jeffrey L. Goldberg 


developmental loss of intrinsic re 
parative capacity and the inhibitory 
environment in injury and disease 
contribute to regenerative falure in 
the central nervous system (CNS). The 
sme factors are thought to hinder en 
dogenous and exogenous regenerative thera 
pies, including cell-based replacement (1,2) 
In neurodegenerative disorders, the contr 
Dations of microglia, astrocytes, and periph 
eral immune eells may be both harmful and 
beneficial. For example, resident microglia 
and peripheral cells of the innate immune 
system promote inflammation and eel death 
(apoptosis) in response to CNS injury, but im 
‘mune cell activation also has been associated 
with neuroprotection and repair (3). This 
duality suggests that stimulating protective 
functions while minimizing proapoptotic 
and inhibitory signals could prove critical in 
treating neurodegenerative disease. On page 
449 of this issue, Neves otal. (4) show that a 
neurotrophic signaling pathway in microglia 
and innate immune cells that is aetivated in 
disease or injury ean be leveraged to promote 
‘neuroprotection and tissue repair. 

[Neves et al. identify a conserved injury 
response pathway in innate immune cells 
that is mediated by mesencephalic astrocyte 
derived neurotrophic factor (MANF), a mac 
rophage-dependent, prosurvival signaling 
molecule. In a mouse model of progressive 
retinal degeneration, the authors found that 
‘macrophage-derived MANF exerts neuropro 
tective effects on damaged photoreceptors, 
‘and enhances transplanted photoreceptor 
{integration that restored visual function. 

‘Macrophages clear debris and produce pro- 
‘and antiinflammatory eytokines in response 
to injury or in degenerative disease. The 
‘course of macrophage activation i influenced 
by the extrinsic envionment, which drives 
their aequistion of either an MO Gnflamma- 
tory/proapoptotic) or M2 (ant!inflammatory/ 
tissue-protective) phenotype, both of whieh 
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are reported in neurodegeneration, as well as 
Jn neurogenesis, regeneration, and myelina~ 
tion (3, 5, 6). Using various genetic and cel- 
Tular techniques in fies and mice, Neves et 
‘al, show that MANF expression is induced in 
‘macrophages by platelet-derived growth fac- 
tor (PDGF)-like signaling originating from 
injured photoreceptor cells, and propose that 
this promotes M2xlike phenotypes that are 
neuroprotective and support repair 

Injury responses in the CNS involve 2 com- 
plex Interplay between multiple cell types, 
Including glia, neurons, and immune cells, 
and the study of Neves e¢ al. raises many 
‘questions about eelLcell and even subeel- 
lular signaling. Glia, including astrocytes, 
microglia, and retinal Moller glia, are non: 
neuronal cells that maintain CNS function 
by regulating homeostasis, survival, growth 
‘shmaling, neurotransmission, and visual pro- 
cessing (7-10). As with macrophages, glial 
cells respond to injury by becoming activated 
or “reactive” in. ways that ean promote oF 
Inhibit neuronal survival and regeneration 
Historically, reactive astrocytes have heen. 
‘thought to act primarily as barriers to axon 
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‘growth through gllal sear formation and as- 
sociated inhibitory processes, including over- 
production of reactive oxygen species and 
inflammatory, pro-death eytokines, as well as 
Inhibitory factors that bloek retinal or other 
(CNS repair. Correspondingly, associated sig- 
naling pathways, such as tumor necrosis 
factor-a (TNF-a), transforming growth fac 
tor-ft (IGR-fa), and signal transducer and 
activator of transeription 3 (STATS), among 
‘many others, are thought to be good targets 
for therapeutic Intervention to promote new 
roprotection, plasticity, and repair (2 12). By 
contrast, reactive astrueytes promote axon 
regeneration by reducing inflammation and 
sequestering damaged tissue (12). Such find 
Ings contradict the prevailing dogma that re 
active astrocytes primarily act as Inhibitors 
to axon growth, and support the hypothesis 
that CNS injury induces both “yood” and 
“bad” glial phenotypes, depending on the 
context or injury. This hypothesis is sup- 
ported by several studies ineluding that of 
[Neves et ab, that highlight the importance of 
‘neurvglial, neuroimmune, and glialimmune 
interactions (4, 13, 14) Interestingly, Neves 
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etal. report that MANF is also expressed in 
‘Miller glia, but they do not expound on its 
contribution to innate immune cell activa: 
tion or neuroprotection, 

What, then, dictates whether cellular in- 
teractions and corresponding responses will 
be protective or harmful after injury? Mul- 
tiple factors influence neuronal, glial, and 
‘immune cell communication in response to 
injury and disease, including location and 
distance from insult as well as temporal 
differences in acute versus ehronle disease. 
Glial cells undergo a wide range of changes 
in gene expression, morphology, and fune- 
tion that vary with distance from and type 
of injury, and as the results of Neves et al 
sugnest, may lead to the formation of repara- 
live and degenerative environments within 
injured tissue (4, 12, 15). Even more attrac 
tive is the hypothesis that singe glial or im- 
‘mune cells may express phenotypes that both 
promote and prevent repair (see the figure). 
‘This is particularly compelling for microglial 
cells, astrocytes, and Mille glia, whose pro 
cesses ean ramify aeross neural tssues and 
{interact simultaneously in degenerative and 
reparative zones (25). For instance, one pr 
‘ess of an immune or glial cell may interact 
in a degenerative environment and secrete 
‘ytokines that contsbute to axon injury or 
‘ell death, whereas another process of the 
‘same cell may signal through protective fa 
tors such as MANF to support the survival or 
regeneration of injured cells, 

‘Thus, tis Ukely that modulation of multi- 
ple signaling pathways in different cell types, 
and even of compartmentalized signaling 
‘within single cell types, will have to be ad 
‘dressed to successfully achieve regeneration 
‘and functional recovery. Hlucidating how 
[MANE and other such factors exert protec: 
live effects both on a cellular and molecular 
level, as well as how different forms of im 
‘mune recruitment influence glial and neu- 
ronal response to injury, will be paramount 
in understanding the basts of disease and in 
developing neuroregenerative therapies. 
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EcoLocy 


How climate change affects plants’ sex lives 


Shifts in plant sex ratios help plant species to expand upslope in a warmer climate 


‘iy Julie R. Etterson’ und Susan J. Mazer* 


limvate change affects wild plant spe- 
cies across their geographical ranges. 
Studies at the margins of species’ 
ranges reveal upslope expansion, 
Jow-elevation range contraction, and, 
{in some eases, a lack of geographic 
response to climate change 
(D). However, all populations, 
Including those in the core of 
species! ranges, are subject to 
climatedriven natural selec: 
tion that promotes adaptation 
toa warmer world (2). Thearet- 
leal models show that coupled 
spatial and temporal responses 
of populations can mediate 
the negative effects of climate 
change (9, 4), but it remains 
unclear whether these pro- 
‘cesses can occur fast enough to 
rescue populations from extine- 
tion (5). On page 69 of this i 
sue, Petry etal (6) report rapid 
spatial and temporal change in 
plant sex ratios in response to 
changing climatic conditions 
These changes could facilitate 
geographic range shifts in the 
montane perennial herb vale- 
rian (Valeriana edulis) 

‘The authors examine change 
across an elevation gradient in 
2 dioecious species, in which 
Individuals are either male or 
female, over the course of 53 
years (6ce the figure). In warmer 
and drier low-elevation sites, 
populations harbor more males 
than those in cooler and wetter 
high-clevation sites, apparently 
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dance between temporal and spatial change 
‘supports the assumption that space can sub- 
stitute for time when forecasting responses 
to climate change. 

Although a novel and compeling finding, 
this mechanism of change only applies to the 
~69% of angiosperms composed of unisexual 
individuals. The vast majority of flowering 
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Because it has become warmer 
fand drier in central Colorado 
‘over the past three decades, the 
proportions of males in bigh- 
elevation populations have 
Increased (tee the figure, top 
panel), resulting in greater pol- 
lination success and increased 
seed set fr females—conditions 
that could facilitate upslope 
range expansion, This eoncor- 
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plants are hermaphroditic—that i, they pro- 
duce flowers that include both male and & 
‘male reproductive parts (se the photo)-Some 
hhermaphrodites have sophisticated means 
lof preventing sel fertilization (7), but ~42% 
hhave mised mating systems where a single 
fruit can contain seeds from self-polKination 
and seeds pollinated by a different individual, 

‘Mixed mating systems provide 
reproductive assurance, which is 
especially beneficial when mates 
or pollinators are searce (6). 
However, this mating system also 
promotes self fertilization, which 
fs even more genetically risky 
than mating between close rela 
tives. Any inbreeding inereases 
the expression of deleterious mu: 
tations, thereby reducing repro- 
ductive fitness. Natural selection 
an gradually purge populations 
fof harmful mutations, but mised 
mating systems persist even in 
the presence of the negative ef 
fects of inbreeding; unfortunate 
ly, this also increases suscepti 
ity to extinction (9), 

How might climate change 
alter the sex lives of these her 
maphroditie species? Clearly, 
warmer and drier conditions 
should favor attributes that di 
rectly benefit both male and fe 
male function, such as drought 
tolerance. But some climate 
responses could directly oF in 
directly lead to increased sel 
fertilization, along with its ge 
netic risks 

First, in extreme environ: 
ments, smaller flowers may be 
produced as a passive response 
to a stressful and deteriorating 
environment (10). This could 
also reduce the temporal and/or 
spatial separation between male 
and female organs (1), faciitat- 
ing sel-ertilization (sce the fig 
ture, middle pane) 

‘Second, simaller flowers may 
evolve indirectly through cl 
rmatedriven selection that favors 
traits promoting rapid comple 
tion of the life cycle, including 
early Qowering and rapid floral 
evelopment. These two traits 
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Hermaphrotc ower of Chamerionangusifolu,a species that can sel fertize 


are associated with the produetion of small 
flowers with synchronously developing and 
proximate male and female organs (22), also 
facilitating self-ertiization 

Finally, coevolved biotic interactions be- 
‘tween flowering plants and their pollinators 
can be disrupted if warmer temperatures 
cause a mismatch between the timing of 
flowering and pollinator abundance or pres- 
‘ence (see the figure, bottom panel). In this 
‘ease, natural selection could directly favor 
selffertilization as a mechanism of repro- 
‘ductive assurance (22). If these processes 0c- 
‘cur very rapidly, the rate of self fertilization 
‘ould increase faster than the rate at which 
deleterious mutations are purged. This 
could ultimately cause population declines. 

Petry etal’ findings were possible because 
historical data was fortuitously availabe, In a 
fev rare circumstances, it has been possible 
to observe evolutionary change between two 
time points by germinating ancestral seeds 
that were fortuitously available (eg, preserved 
tn tundra soils or seed vaults) simultaneously 
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‘with contemporary seeds (2, 13). Such direct 
comparison between ancestral and descen- 
dent populations show that climate change it 
already affecting traits associated with plant 
mating systems, such as the timing of fawer- 
ing. Efforts are under yay to vastly expand 
the availabilty of these rare and valuable 
historical seed resourees (24, 15). Tse calle: 
tions should help to more definitively answer 
the knotty question of whether evolution ean 
rescue populations of native species, includ: 
ing the wild relatives of crops, from alimate 
‘change weros thei geographic ranges. 
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‘SEX DETERMINATION 


Yob makes 
mosquitoes 
male 


A gender-switch gene opens 
avenues to malaria control 


2y Steven P. Sinkins 


‘ost developmental processes show 
deep conservation across great phy: 
Togenetic distances. In contrast, the 
signal that triggers the primary ge 
netic switch hetween the sexes has 
‘evolved with remarkable rapidity — 

entirely lacking the “respectable antiqit 

(seen in other comparable systems. Cou 

pled withthe repeat-rich structure of chro 

‘mosomis, this has made the identification of 

genetically dominant “M” maledetermining 

factors especially challenging. On page 67 

of this issue, Kraywinska et al. (2) com 

pared gene transcript sequences from male 
and female embryos of the malaria mos 

‘quite Anopheles gambiae and identified an 

cearlyexpressed gene on the ¥ chromosome, 

designated Yob. Crucially, they show that it 
controls sex-specific splicing af dsr double 
ser), the conserved binary switeh between 

‘male and female development (3), fulfilling 

the eriteria for M. Yoo partly overlaps, and 

ly is a betterannotated version of, a 

identified yene called YG2 (4), 
recently shawn to be conserved across the 

‘An. gambiae species complex (5. 

This landmark follows the Identification 
of Nis; the male-determining M gene in Ae 
des aegupti-the primary mosquito veetor 
of dengue and Zika viruses (6). Yob and Nix 
fare certainly not homologous. aeder and 
Culex mosquitoes, unlike Anopheles, do not 
posses ¥ chromosomes, and Nix is located 
in a nonrecombining region of chromo 
some 1, Dosage compensation, the equaliza 
tion of gene expression between males and 
females, is thus not needed in Aedes, but 
in Anopheles aperates by up-regulation of 
genes on the single male X (7), Yob seems to 
control both sex determination and dosage 
‘compensation, because embryos die when 
genetic females receive ectopically delivered, 
Yob messenger RNA or when Yob Is silenced 
{in genetic males (2). In contrast, in Aedes, 
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[Néw converts genetic females to male 
evelopment (6) (see the table) 

‘The discovery of this primary 
male-specific switch gene should 
now greatly facilitate the process of 
filling in missing gaps lower down 
the sex determination cascade— 
such as whether any cofactors are 
needed, whether YOR acts diteetly 
fo indirectly on dae splicing, and 
to confirm the invalvement of Yob 
In dosage compensation. Using Nix 
and Yob as the foundation for cor: 
parative studies in related species 
will hopefully provide a much better 
understanding of the evolution of 
sex determination pathways, and the 
selective forces that lead to such fre 
‘quent shifts at the top of the sex de 
termination cascade. Interestingly, 
ln An, stephensi, there seems to be 
2 functional analog (Guy?) of Yob of 
the same length and expressed very 
carly in embryogenesis (8), but with 
ho primary sequence homology 

Despite considerable recent progress 
using bednets and antimalarial drug, com: 
bination therapies based on artemisinin, 
malaria still exacts a very high societal 
toll in Aftiea, and An. gambiae is its most 
deadly yeetor, Understanding mosquito sex 
‘determination could help future control ef: 
forts in the following ways. The use of Yob 
as a transgenic sexing mechanism for ex 
ample, by conditionally expressing it from 
the autosomes in order to kill female em: 
‘bryos—vill allow male-only releases (male 
mosquitoes do not bite oF spread disease), 


male An. gambiae most} 


This will improve the efficiency of suppres: 
sion strategies based on release of ster 
le males. However, these approaches are 
likely to be of only lanited utility against 
An, gambiae—they would be probibitively 
expensive to attempt over wide areas of ru 
ral Africa. More enticing are strategies that 
do not require continuous intervention, 
but are self-sustaining once implemented — 
such as mosquito population replacement 
to render thein unable to transmit Plas. 
dium parasites—and here, again, an ability 
to release male-only cohorts could greatly 
assist implementation, 
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Perhaps the most eseiting prospect 
inthe contest of malaria control is to 
resurrect an old idea for instigating 
population crash through highly 
male-biased population set ratios, 
using “driving Y" chromosomes (9). 
Melotie drive, the mechanism under 
Iying the driving Y chromosomes, is 
process in which an allele and the 
ehromosome bearing that allele are 
preferentially transmitted Uhrough 
rjotieeell division, at the expense of 
‘other alleles 


A natural meiotic drive system oc 
curs in ae aegypti (J0)—erueially, not 
by klling female embryas but by pref 
‘erential recovery of the M-containin, 
chromosome, through breakage of its 
Mecontaining chromosomal homolog 
‘uring sperm formation. Naturally 0c 
‘curring suppressors of meiotic drive 
prevent this particular system being 
useful for disease control. However, in 
An. gambiae, a synthetic system has 
now been constructed by using a homing 
endonuclease gone that targets ribosomal re. 
peats on the X chromosome. When expressed 
from the autosomes during spermatogene 
sis, it cleaved the paternal X and produced 
smale-biased sex ratios (2) 

To be really effective for population sup- 
pression-potentially only requiring. small 
seeding releases into each population sue 
‘construct would have to be inserted into 
the ¥ chromosome, in a region where genes 
an be actively expressed (most of the ¥ is 
transeriptionally inactive and effectively 
fa “black hole’ for transeribed genes); the 
YoO/YG2 locus provides this. A close physi 
cal or regulatory association with the male 
determining gene would also make it much 
more difficult for resistance modifiers to 
be selected that suppress the action of the 
X-cleaving construct. The much more readily 
‘manipulated clustered regulary interspaced 
short palindromic repeats (CRISPR)—Cas9 
genome editing system, which works in an, 
‘gambiae, provides more flexibility in the de 
sign of mosquito synthetic drive systems (2), 
The prospect of being able to induce mos 
quite population crashes by manipulating 
sex ratios seems a step loser 
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Reforms to improve U.S. 
government accountability 


Bill will encode a “presumption of openness” into law 


By Alexander B, Howard! and 
Patrice McDermott" 


Ie decades after the United States fist 
fenacted the Preedom of Information 
‘Act (FOLA), Congress has voted to make 
the first major reforms to the statute 
singe 2007, President Lyndon Jobason 
signed the fist FOLA on 4 July 1966, en 
shrining in law the public right to access to 
Information fram executive branch govern 
meat agencies. Scientists and others around 
the world ean use the POLA to learn what the 
US. yoverrument has done in its poliies and 
practices. Proposed reforms should be a net 
‘benefit to public understanding of the seien 
tile process and knowledge, by increasing 
the access of selentists to archival materials 
and reducing the likelihood of science and. 
scientists being suppressed by official secrecy 
‘or bureaueracy! 
Although the FOIA has been important 
for accountability, reform is sorely needed, 
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‘An analysis of the 15 federal government 
fagencies that recelved the most FOLA re 
quests found poor to abysmal compliance 
rates (J, 2). In 2016, the Associated Press 
found thal the Obama Administration 
had set a new record for unfulfilled FOIA 
requests (3). Although that has to be eon: 
sidered in the context of a rise in request 
volume without commensurate increases in 


resources to address them, researchers have 
found that most agencies simply ignore 
routine requests for travel schedules (4). 
‘An audit of 165 federal government agen- 
cies found that only 40% complied with the 
E-FOIA Act of 1996; just 67 of them had 
online libraries that were regularly updated 
‘with a substantial number of documents re 
leased under FOLA (5). 

ln the face of growing concerns about 
compliance, FOLA reform was one ofthe few 
recent instances of bleameral bipartisan 
ship in Congress, with both the House and 
Senate each passing bills this spring with 
broad support. Now that Congress moved 
to send the Senate bill on to the president 
to sign into law, implementation of specifi 
provisions will bear close serutiny, includ 


{ng the potential impact of disclosure upon 
seientists who work in ar with government 
agencies (6). Proposed revisions to the 
FOIA statute would improve how govern 
‘ment discloses information to the publi, 
‘while leaving intact exemptions for privacy, 
proprietary information, deliberative docu 
‘ments, and national security. 


FEATURES OF REFORMS 
(One of the major reforms in the House and 
Senate bills was to codify the “presumption 
of openness” outlined by President Obama 
the day after he took office in January 2009 
when he declared that FOIA should be ad 
‘ministered with a clear presumption: In the 
face of doubt, “openness” would prevail, 
‘This presumption of openness was affirmed 
by US. Attorney General Holder in March 
2009. Although these declarations have had 
Lnited effect in the agencies (as described 
above), codifving these reforms into law is 
crucial not only to ensue that this remains 
executive branch policy after this president 
leaves office but also to provide requesters 
‘ith legal force beyond an executive order. 

The Senate reform bill Instructs all fed: 
feral agencies to adopt a presumption in 
favor of disclosure, applied to all decisions 
involving FOIA. Senator Patrick Leahy 
(D-VI has been trying to get such a provi 
sion passed for a decade, before President 
Obama entered olfce. The presumption of 
disclosure has two aspects. First, It means 
that agencies should not walt for specific 
requests from the public. Instead, agen 
cies should create procedures for identify 
ing records of general interest or use that 
are appropriate for public disclosure and 
should use modern technology to inform 
citizens about what is known and done by 
their government. This relates to a broader 
slobal trend around proactive disclosure of 
government data in open and accessible on 
Line formats 

‘Searches for documents and data are of 
ten cited by agencies asa rationale for high 
costs and slow release of FOIA requests, 
Proactively releasing open data that have 
been subject to frequent FOIA requests 
(and have been released)—for instance, 
those from commercial aetors that are ma 
jor users of the FOIA=is sorely needed, 

The second aspect of proactive disclo 
sure has to do with how agencies respond 
to FOLA requests for records where they in 
voke “discretionary” exemptions, Le, those 
for which withholding the requested infor 
‘mation Is not mandatory. Exemption 5, for 
example, has been overused and abused 
by agencies to cover multiple privileges, 
{including those that protect an attorney's 
work product and attorney-client com 
‘munications. It also exempts “deliberative 
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processes," a privilege intended to protect 
‘documents reflecting opinions and reeom- 
mendations that inform governmental de- 
cisions and policies, so as to preserve the 
‘quality of ageney decisions by encouraging 
‘open discussions, to prevent “premature 
disclosure of proposed policies before they 
are finally adopted," and to preclude “public 
‘confusion that might result from disclosure 
ff reasons and rationale that were not, in 
fact, ultimately the grounds for an agency's 
action” (7). The withholding of records as 
“deliberative process" has been of eoneern 
to both selentists working in the govern- 
ment and those seeking information from 
lL The bill establishes a limit on the abil- 
ity of agenles to indefinitely claim that re- 
cords are exempt from disclosure under the 
privilege afforded to deliberative processes 
(under exemption 5). 

‘The Senate bill ereates greater indepen- 
dence for an ombudsman’ office for FOLA 
requesters, the Office of Government In- 
formation Services (OGIS). This office has 
struggled to maintain ils independence 
since its ereation in the OPEN Government 
‘Act of 2007. Now, OGIS will be authorized 
‘to make reports directly to Congress, with- 
‘out having to first get approval from the hi- 
‘rare at the National Archives where the 
reports are housed) and the White House 
Office of Management and Budget (OMB), 
‘This independence is critical for OGIS to 
speak freely to Congress about problems 
‘with the implementation of FOIA in the ex- 
ceutive branch. 

"The Senate bills would also mandate 
that the OMB create a consolidated on: 
line portal that would enable the public 
to make a request to any agency: Although, 
the US, General Services Administration 
began Working on a new FOLA hub (8) for 
the Department of Justice, to fulfil a com- 
mitment the United States made in 2013 to 
modernize the administration of FOIA (9), 
‘work on the new FOLA software stopped 
In July 2015 (70). Passing this requirement 
Into law and putting responsibility for 
Implementation in the hands of the OMB. 
‘would ereate much-needed urgeney for the 
federal government to ereate and adopt 
modern technology. 


IMPACTS ON SCIENTISTS 
Language on the presumption of openness 
in the Senate bill suggests that more of 
‘government selentists’ actions, statements, 
‘work produels, and correspondence might 
be presumed open and available through 
FOIA to any requester. Nongovernment 
scientists providing data, discussion, and 
Input for consideration in ageney processes 
might also be concerned that those mate- 
rials would fall under a similar presump- 


tion, once submitted and incorporated into 
agency processes. 

The reforms In the FOLA legislation will 
have limited effect on those sharing infor. 
‘mation meant to inform goverment policy 
decisions. The records relating to such infor- 


“{IJndependence is critical 
for OGIS to speak freely 
to Congress about... the 
implementation of FOIA. 


‘mation may stil be withheld under the delib 
erative process privilege (exemption 5), 

For scientists secking to obtain informa- 
tion about the policy process, some things 
will change, but others will not. Agencies 
seeking to withhold records under this pev- 
ege will still have the burden of proving 
that the materials are both “predecislonal” 
and “deliberative” (7). A predecisional re 
cord is an antecedent to the adoption of an 
agency policy, even if no poliey is adopted 
In the end. A deliberative record reflets the 
‘sve and Lake of the eonsullative process, 
tither by assessing the merits of a particu 
lar viewpoint or by articulating the process 
used by the agency to formulate a decision. 

‘One notable change in the legislation is 
fa mandate that the FOLA exemption ean: 
rot be applied to records that are 25 years 
old of older at the date of the request. This 
was a concession by the public interest com- 
‘munity although we continue to believe that 
25 years is still much too long for records to 
be considered predecisional and deliberative. 
‘The concerns are not theoretical: The federal 
‘government has continued to prevent release 
of documents about the Bay of Pigs invasion 
(2, claiming that they are predecisional and 
Aeliberatve, 53 years after the failed invasion 
ff Cuba, Public interest advocates recom: 
‘mend that the exemption only apply for the 
‘same time period subsequent to a given deci 
sion as for presidential records: 12 years after 
the president leaves afice. 

The main effect of this particular FOLA 
reform will be to give requesters the right 
to challenge agencies’ invocation of delibera 
tive process for archival records. Moreover, 
1s there is nothing in exemption 5 that man. 
dates withholding of such records, they could 
also be released before the 25-year pointe: 
ther in response to a request or proactively 

The “discretionary” exemption will, ho 
ever, continue to give agencies power to 
‘decide to withhold up to the 25-year limit. 
Scientists seeking information on federal 
‘government activities who are trying to dis: 
cer which materials would fall under the 
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‘deliberative process privilege" should not 
expect much to change. Given the demon 
strated proclivties of agencies to overin 
voke this exemption, Its unlikely that there 
will be a major shift in the release of more 
materials related to the development of 
agency poli. 

‘The passage of FOLA reform is a welcome 
victory for bipartisanship in the service of 
good government. It was not at al certain, 
In 2014, both houses unanimously voted 
for historie FOLA reforms (12), only to see 
them die at the last minute (13) when the 
speaker of the House declined to bring up 
the bill fora final vote as the session closed, 
It is troubling that the Preedom of the Press 
Foundation found that the Obama Adiin- 
{stration itself lobbied against FOLA reform 
(24, even though the legislative language 
‘mirrored the information disclosure poll- 
cles the president and US, attorney general 
Instructed the US. government to adopt. 

‘Open-government advocates (ineluding 
the authors) congratulate both chambers 
for passing $397 and sending it to President 
‘Obama, who has confirmed that he will sign 
it into lay. We anticipate that we will have 
1 reformed and improved FOIA by the time 
‘we celebrate its SOth anniversary on July 
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ENVIRONMENT 


Envisioning a different future 


An ecologist asks how we can protect the global commons 


iy Jolia Fahrenkamp-Uppenbrink 


Imost 60 years ago, ecologist George 
Woodwel saw firsthand the effets of 
DDT on forest ecosystems. In 1968, 
the insecticide was sprayed from the 
ar into the boreal forest of Maine to 
protect the trees from spruce bud- 
‘worm, a highly destructive indigenous pest. 
But other animal species also succumbed to 
the insecticide. Woodwell, onsite to measure 
hhow much of the compound reached the 
‘round and how long it remained on plants 
‘and in the soll, noted how quickly the forest 
became deadly stl, 

Nearly 40 years after Rachel Carson high- 
lighted the dangers of DDT to wildlife (D, its 
use and that ofa range of other organie pal 
lutants became tightly restricted through the 
ratifeation of the Stockholm Convention 
But as Woodwell argues in his latest hook, A 
World to Lie In, key lessons that might have 
‘een gleaned from the DDT story have not 
‘been learned, with devastating consequences 
for life on our planet. 

‘A leading ecologist with decades of ex- 
perience in the effects of disturbance on 
ecosystems, Woodwell shows that diverse 
Industrial ‘etivitles—from nuclear power 
production to fossil-fuel burning to eonter 
porary agricultural practices—are affecting 
the chemical processes that underpln al life 
‘on Earth. Be it chemical pollution, radiation, 
or climate change, the result is the same: an 
impoverished biosphere that is less diverse 
‘and les resilient. 
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‘2Plundered Planet 
George M Noodwe 
MITPress, 2016, 243 pp. k 


AWord to Live In 
‘AnEcologist's Vision for 


Woodwell puts the blame squarely on a 
dominant worldview that places the envi 
ronment within the seope of economies and 
assumes there ean be limitless growth, AS 
the experience with DDT and other persis- 
tent organic pollutants has shown, nowhere 
on Earth, from the depths of the oceans to 
the poles, is so remote as to remain unaf: 
fected by our actions. Most recently, wide 
spread use of neonicatinold pesticides has 
‘een implicated in the declines of bees and 
bother invertebrates. And with a growing hu: 
ran population, the biosphere’ Limits will 
bbe ever more tested. 

The insights that Woodwell offers into 
the early days of environmental and elimate 
politics are fascinating, showing how, but for 
political change, the world might have taken. 
a different path in the 1980s. Public and 
political interest in environmental steward 
ship grew in the 1970s, particularly under 
President Jimmy Carter, but was sidelined 
under later leaders who viewed the role of 
‘government mostly as facilitating commerce. 
‘The falure of the US. Congress to ratify the 
Kyoto protocol in 1997 was a tragedy that has 
delayed progress globally. 

‘Woodiwell does not mention the diseus- 
sions leading up to the United Nations’ 
COP21 climate meeting in Paris in Decem. 
‘ber 2015, The book went to press before the 
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Having observed the devastating ecloical tects 
‘of DOT Fsthand, George Woodwell advocates closed: 
cele contol of industrial emissions. 


Paris Agreement—widely seen as a promis 
{ng if still limited advance toward climate 
stabilization—was reached, but 1 wonder 
whether he considers the pledges approach 
to be promising. I would also have liked 
tw know more about the author’ views 
fon the European Registration, Evaluation, 
‘Authorization and Restriction of Chem: 
cals (REACH) legislation, which requires 
testing of most chemical substances manu: 
factured in or imported into the European 
Union for thelr effect on human health and 
the environment, 

But the author's main argument remains 
valid. As important as the Paris Agreement 
and legislation such as REACH are, they are 
Dut small steps toward addressing the fun 
damental problems: that many eurrent indus- 
lwial practices are inherently damaging to 
the environment and must change, and fast, 
toavoid catastrophic consequences 

‘Woodwel alls for a fundamental rethink 
to ensure the protection of the global com: 
‘mons. In contrast to most current climate 
policy efforts sueh as the Paris Agreement, 
‘which aim to stabilize carbon at levels that 
prevent dangerous climate change, he ad 
Voeates a return to the much lawer eazhon 
levels of the late 19th century: In his solu 
tion, reduced fossil fuel use plays a role, of 
course, but he also advocates for vast refores- 
tation and afforestation efforts to kick-start, 
environmental and climatic recovery. More 
generally, he eals for elosed-eycle industrial 
systems with no leakage of wastes, arguing 
that there are no safe thresholds for any 
toxins that ean accumulate in the environ 
‘ment, It may seem unlikely that the world 
‘ill follow this path, bat Woodwell is to be 
commended for eleatly outlining the threats 
and sketching out a bold solution 

‘As A World to Live In makes clear, climate 
change due to greenhouse gas emissions is 
1 symptom of the same malaise that led to 
rampant pesticide use in industrial agricul: 
ture and a nuclear industry that is depen 
dent on governments to limit its liability in 
case of accidents. A key concept that Wood: 
‘well returns to repeatedly is the legal prin 
ciple of “Sie utere tuo ut alienum non Iaedas” 
(So use your own a8 not to injure another's 
property"), which he interprets broadly to 
‘mean that we have a moral responsibility to 
protect the global commons. This seems a 
‘useful starting point for rethinking how hu 
‘mans should treat the planet and each other. 


1A. Catsn Sit ng ohn Mite Baste, 262. 


an26/ecenceaxglt0s 


ryoivanie-voLasa issue mast 87 


Downloaded from hitp:/science.sciencemag.org/ on June 30, 2016 


insiguts | Bo0Ks 


SCIENCE POLICY 


The battle lines are drawn 


Ina stirring call to action, an author probes the forces 
that undermine evidence-based science policy 


‘By Peter R. Reczek, 


fer a close brush with the Catholle 
CChurel in 1624, the Italian selentist 
Galileo Galilei anonymously pul 
lished a book advancing the helio- 
centric theory of Copernicus in 1632. 
Galileo called one of the book's fet 
Hous characters Simplicio or simple 
onan unfortunate turn of phrase 
that Pope Urban VIL, a longtime friend 
and supporter, believed was a veled 
reference to him. Outraged, he brought 
Galleo before a tribunal of the Roman 
Inquisition. The examiners eoereed him 
Into recanting his written statements 
and he was placed under house arrest, 
‘where he die almost 10 years late, 

In his new book, The War on Sc: 
‘ence, Shawn Otto documents the mod- 
fem clash between what he calls the 
uuthoritarians’ (governments, large 
corporations, and religious groups) 
and the “antiauthoritarians”(seientists 
fand other Uberal thinkers). Drawing 
‘on recent examples ranging from the 
‘evolution debate to vaceine skepticism, 
Otto describes the emergence of an an 
tiseience movement whose focus 1s to 
‘disrupt the creation of evidence-based 
poli for the sake of preserving profit 
fable business models or entrenched re 
ligious dogma. 

‘Otto is at his best when he deseribes 
the processes that culminated in the 
‘widespread denial of human-eaused 
Glimate change. Eon executives ree 
‘ognized climatic changes due to the 
burning of fosal fuels as long ago as 1977, 
the wiles. At that time, Otto elaims, a loose 
collaboration among several energy compa- 
nies began a public relations eampaign to 
discredit scientific reports ofelmate change. 
He meticulously references news reports, 
books, and email messages demonstrating 
techniques that parallel the steps taken by 
tobacco companies to deny a link between 
smoking and lung cancer. In doing so, Otto 
reminds us how advocates for both groups 
‘often cherry-pieked data while focusing on 
anomalies in the results and played favorable 
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games with statistics to minimize the dangers 
of smoking and elimate change, respectively: 

Ina chapter entitled “The Industrial War 
on Science” Otto alleges that a carefully coor 
dinated attack on selentists and the scientific 
process has undermined seientiie eredibility 
and has led toa position where “the climate 


(ing pals conducted atthe beginning of the new millenium, 
tte reveals that 52% of Americans Believe that humans and 
tinosaurs once coexisted. 


oval statements by highly regarded leaders 
will substantially reverse this trend, he ar 
‘gues. Pope Francis has taken sueh a step in 
his encyclical Laudao Si (0). 

The problem, however, extends beyond 
climate change denial. The same tactics are 
being used to undermine other technocen: 
tai polices, including the push to “teach the 
[supposed] controversy” between evolution 
and intelligent design, as well as legislation 
governing stem cell research, 

Evidence-based policy-making is a neces 
sity if we are to continue to advance in a 
highly technologically dependent world, 
Otto outlines taeties that have been used 
successfully by such advocaey groups. as 
the Union of Concerned Scientists and its 
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Center for Science and Dermocruey, whieh 
broadened its focus to target issues such as 
climate change and selentiie integrity, and 
Greenpeace, whose efforts to combine elvil 
action with creative communieation serve 
as an international model for other conser 
vation-based organizations. 
Using the language of warfare, Otto sug 
gests thatthe first step is to know the 
enemy: Scientists must realize, for ex 
ample, that antiscience groups often 
attempt to redefine seientific terms in 
such a way as to enable opponents to 
debate seience as if it were an opinion. 
(Evolution is Just a theory? right?) 
Otto also argues for direct engage 
ment between scientists and the 
seneral public. To avoid the fate that 
befell Galileo, scientists must under 
stand that 21st-century journalism has 
blurred the lines between objectivity 
and subjectivity, sometimes sacrificing 
deep investigation in the interests of 
expediency, he maintains. As more and 
more news outlets eliminate selence 
sections, the journalistic inclination 
to give equal weight to “both sides" of 
topics for which there is widespread 
scientific consensus amplifies minor 
fty and extreme arguments 
‘Otto believes that unless we find 
aways to balance the rights of the indi 
Vidual with the interests of society, we 
are headed for what Garrett Hardin 
called “the tragedy of the commons” 
(2). To achieve this, he outlines 14 ambi 
tious “battle plans” that include advice 
for everyone from educators ("Plan 6: 
‘Teachers Should Teach Science Civics”) to 
funding agencies (Plan 7: Granting Bodies 
Should Require and Fund More Outreach’) 
to potential office holders (Plan 11: Candi 
dates Should Sign Science Pledges”) 
‘Scientists can no longer afford to remain 
sequestered in their laboratories. We need 
to fight back. “Call a spade a spade, and do 
{t_publiely” Otto urges. To regain the publie’s 
trust, we must demonstrate that selence is 
fan activity done by people for people. 
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PROTEOSTASIS 


In vivo aspects of protein folding and 


quality control 


David Balchin, Manajit Hayer-Hart, F. Ulrich Hartl* 


BACKGROUND: Proteins are synthesized ot 
ribosomes as linear chains of amino aeids and 
‘must fold into unique three- dimensional struc 
tures to fulfil their biological functions. Pro- 
tein folding is intrinsically error-prone, and how 
itis accomplished efficiently represents a prob- 
lem of great biological and medical impor 
tance. During folding, the nascent polypeptide 
‘must navigate a complex energy landscape. As 
‘result, misfolded molecules may accumulate 
that expose hydrophobie amino acid residues 
and thus are in danger of forming potentially 
toxic aggregates. To ensure efficient folding 
and prevent aggregation, cells in all domains 
‘of life expres various classes of protelns called 
molecular chaperones. These proteins receive 
the nascent polypeptide chain emerging from 
the ribosome and guide it along a productive 
folding pathway, Because proteins are struc 


turally dynamic, constant surveillance of the 
proteome by an integrated network of chaper- 
‘ones and protein degradation machineries, the 
proteostasis network (PN) srequired to main- 
tain protein homeostasis ina range of external 
and endogenous stress conditions. 


ADVANCES: Over the past deeade, we have 
sained substantial new insight into the overall, 
[behavior of the PN nd the molecular mechanics 
ofits components. Advances in structural biol- 
‘gy and biophysical approaches have allowed. 
chaperone mechanisms to be interrogated at 
an unprecedented level of detail, Recent work 
has provided fascinating insight into the pro 
css of protein folding on the bosome and re. 
vealed how bighly allosteric chaperones such as 
the heat shock protein 70 Hsp70), Hsp90, and. 
cchaperonin ystems modulate the folding enery 
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Molecular chaperones are key players in the cellular proteostasis network and serve to 
‘maintain a balanced proteome. They promote the folding of newly synthesizod proteins 
function in conformational maintenance. and pravent potentially toxic off;pathway ageraga 
ton. Chaperanes also cooperate with other components of the proteostasis network, such as 
the proteasome system and autophagy, in the removal of terminally misfolded and aggregated 
proteins through proteolytic degradation 


440 civurane-vouasstestemns 


landscapes oftheir protein clients. Studies of 
‘chaperone systems from bacteria and eaiaryotes 
have revealed common principles underlying 
the organization of chaperone networks in if. 
ferent domains of if Recenly, we have begun 
to appreciate the relative complexity of eukary- 
‘tle chaperones and are tasting to understand 
how eukaryotes deal with the challenge of 
folding a large proteome enriched in multi= 
domain proteins. At the cellular level, the re- 
sponse ofthe PN to conformational ste, aging, 
and diseases of aberrant protein folding has 
‘been an ara of intense investigation, Important- 
1y, the capacity ofthe PN dedines during aging 
and this ads to dysfunction of specifi cell types 
and tissues, rendering the organism susceptible 

to chron diseases. Among 
EE ese, neurodegenerative 
ead he ful article sStdromes associated with 
Mhite,idedoi Protein aggregation are 
ovg/itze/ Increasingly prevalent in 
SeienceascA254 the aging human pop: 
tion. Notably, the accu- 
mulation of toxie protein aggregates is both 
2 consequence and a cause of PN decline, 
diving a vieious eycle that ultimately leads 
to proteostasis collapse 


OUTLOOK: A new view of protein flding is 
‘emerging, whereby the energy landscapes that 
proteins navigate during folding in vivo may dif 
fer substantially from those observed during re 
folding in vito, From the ribosome throug tothe 
major chaperone systems, the nastent protein 
Interacts with fctors that modulate its folding 
pathway. Future work should focus on abtain- 
ing the high-resolution structural and kinetic 
Information necessary to define the pathways 
of protein folding during translation, and in 
association with molecular chaperones. Orga- 
nisms have evolved various mechanisms to deal 
‘with misfolded and aggregated proteins to man 
tain proteostass 1 is becoming inereasily 
‘lear that besides removing these proteins by 
degradation, cells also strategically sequester 
them into transient or stable agurezats, often 
ln defined cellular locations. Much remains to 
‘peunderstood about how this cellular decison- 
making occurs at a moleeular level and how 
‘dysregulation of these mechanisms leads to 
proteotoxiity, From a medical perspective, the 
Intimate rdationship between proteestasis and 
disease, aging, and neurodegeneration makes 
‘components of the PN logical drug tangets, 
with the goal of promoting healthy aging. 
Pharmacological manipulation of the PN will 
requite a detailed understanding of how the 
rhetwork responds to perturbation and how its 
ifferent components cooperate. 
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In vivo aspects of protein folding and 
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David Balchin, Manajit Hayer-Hart, F. Ulrich Hartl* 


Mest proteins must fold into unique three-dimensional structures to perform ther biological 
functions. In the crowded cellular environment, newly synthesized proteins are at risk of 
mmisfolding and forming toxic aggregate species. o ensure efficent folding, different classes of 
‘molecular chaperones receive the nascent protein chain emerging from the ribosome and guide 
italong a productive folding pathway. Because proteins are structurally dynamic, constant 
‘survellance ofthe proteome by an integrated network of chaperones and protein degradation 
"machineries is required to maintain protein homeostasis (proteostasis). The capacity ofthis 
proteostasis network declines during aging. facilitating neurodegeneration and other chronic 
diseases associated with protein aggregation. Understanding the proteostasis network holds 
the promise of identifying targets for pharmacological intervention in these pathologies. 


roteins are involved in almost every bo 
logical proces. A typical mammalian cell 
expresses 10,000 to 20,000 diffrent pro- 
teins, whic are synthesized on ribosomes 
as linear chains up to several thousand 
amino acids (aa) in length. To function, most 
newly synthesized proteins must fold into a de~ 
fined three-dimensional structure. How this is 
accomplished and how cells maintain the integ 
riyof their proteome [protests (ina range 
‘ofestemal and endogenous stress conditions are 
problems of paramount biological and medical 
relevance. 

“The folded structures of proteins are oy mar 
sinally stable, and subtle changes due to mutation 
‘may tip the balance (2), Furthermore, a substan 
tial faction of proteins 05 to 30% of mammalian 
proteomes) lack ordered structure partially or 
‘entirely (9), and the formation of tase aggregates 
by such metastable proteins is associated with 
Aluheime's and Parkinson's disease, Ths, protein 
‘quality control and the maintenance of proteome 
balance are eritel for cellular and onginismal 
heals To ensure protcostass, organisms from 
all domains of life invest nan extensive quality 
control network, integrating molecular chaper- 
‘ones, which mediate protein folding and confor 
rational repair, withthe ubiquitin-proteasome 
system (UES) and autophagy, which remove ter 
rinally misfolded proteins and aggregates. Im 
portant, dhe eapaky ofthe prteestass network 
(PN) declines during aging (4), facilitating the 
‘emergence of chronic diseases caused by protein 
aggregation inclading neuredegmneration, type 
dates, heart dszase, and certain forms of ean. 

ere we review advances made over the last 
15 years in understanding how cells support 
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protein folding and maintain proteostasi. We 
focus on the mechanisms of molecular chaper- 
foes in the eyosol and the waye that chaper- 
tne systems cooperate to form a functional PN. 
1m particular, we highlight the differences inthe 
pathways and energy landscapes of protein folding 
fm vivo and in vita Fora detailed discussion 
ofthe protein-folding machineries of the endo- 
plasmic rticuhim, see (5) 


Molecular chaperones—machineries 
of protein folding 


Fundamental insight into protein folding was 
provided by Anfinsens pioneering experiments 
{nthe 1950s, which showed that small proteins 
refold spontaneously in vitro an removal fem 
\denaturant (6, This nding demonstrated the pri- 
‘macy ofthe amino acid sequence in determining 
protein's native conformation and also implied 
that folding occurs without the aid of additional 
factors. However, evidence began to emerge in 
the 1980s that certain proteins require asistance 
bby moleeular chaperones for foing in vio (7). 
Research over the last two decades has firmly 
established the essential role of ehaperone ms 
shineres in allowing newly syathestan proteins 
to fold eficienty and at abiologiealy relevant 
time scale, 

‘Whereas small proteins up to ~100 aa may 
fold rapidly (within milliseconds) and with full 
Yield in vitro (6), folding is often inefficient for 
larger proteins, aing to offpathway aggresa- 
tion, Proteins >100 aa comstitite the major frac. 
tion ofall protecmes, with large multidomain 
proteins strongly inereasing in amber fom 
prokaryotes to eukaryotes (Fg. 1). The folding 
tf such proteins in vivo is further compounded. 
bby macromolecular crowding (800 to 400 of 
total prtein per iter inthe eytosol (9), whieh 
enhances the tendency of folding intermediates 
and misfolded states to great. A major fun 
tion of the chaperone network i to prevent such 
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becrant interactions, which ar often meer 
We define a molecular chaperone as any protein 
that interacts with, stabilizes, o belpe another 
itn to acsuie  fueonaly active conform 
‘ion, without being present in its final structure (7). 


Folding and aggregation 


“The folding process is inherently error-prone, 
owing to the large number of possible confor 
mations a protein chain ean adomt (>10™ fara 
100-aa protein). Moreover, folding relies on the 
cooperation of many weak, noncovalent inter 
actions and involves amino acid contacts both 
close in sequence and far apart (8), Hydrophobic 
forces ure particularly relevant in driving chain 
cllapse and the burial of nonpolar amino acids 
‘within the core ofthe folding structure (in the 
‘case of soluble proteins), restricting the confor- 
tational space that must be searched during 
folding (10). However, the free-enensy landscape 
toward the thermodynamical favorable native 
state i often rugged, which means the molecules 
fed to cross substantial Kinetic enengy aries 
and consequently populate folding intermediates 
(6) ig. 24). Such kinetically trapped intermed- 
ates are the rule for larger proteins, entling the 
‘danger of misflding due tothe formation of non- 
native interactions (10). Sow steps in folding that 
leno the aosumlaion of folding iteroeates 
include prof isomerization and disulfide bond 
formation (in secretory proteins), winch ean be 
accelerated by problisomerases and protein di- 
sulfide isomerass, respectively (5,1). 
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Fig 1 Increasing compli of proteomes from 
‘acteria to humans. The otal numberof poten 
‘and the numbers of protens >100 aa and <£0 2a 
inlength are shown forthe predicted proteomes of 
E cob. carevisias, andhumans. Note th renee 
in the purnber and fraction of proteins >100 aa 
and of large multidomain proteins fem E. call to 
‘5S coreviiae ta humans. Such proteins tnd to pop 
iste intermecsate states chong focing, resting 
in nereased agaregation propensity and chaper 
one dependence, 
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fein molecules sample various conformations while traveling downhill on a 
potential re energy surface (green towarthe thermodynamical faverable 
‘ative state Kinetical trapped on or of pathway intermediates occupy ow 

‘ergy was (lokang itereciates arc partly fled states). Molecular chaper 

(ones provide assistance to feldng by lovering fee energy bariersand reverting 
_berrantintermelecuar interactions (red), which can lead ta various forms of 
esresntes (amorphous, gamer fil). Filla (aml ike) agerestes 
‘may be thermagjnamiealy the most stable. (8) Melecuar chaperones promate 


states. Many chaperanes use ATP binding and hydrolysis ta switch between 
low. and high afiray stats for folding intermediates (unfolded paral odec), 
‘eyporing hyckophabie arin acid rescues. Binding to chaperone Locks aggre 
{aten and reduces the cancentration af aggregation prone molecules. Release 
from chaperone allows fling (bral of hydrophobic resicues)Fficient folding 
occur when the rate constant of lng (tux) aster than rebinding of folding 
intermediate to chaperone (a) and aggregation (kay) is slower thar kan Fg 
smoxsed fom (13). 


Partially folded or misfolded proteins typically 
‘expose hytrophobie amino aid residues and re 
sions of unstructured polypeptide backbone to 
the solvent, festures that can give rise to aggre- 
agzation, Like folding, aguregation is lngey driven. 
by hydrophobic forces but is highly concent 
tion dependent (2). Although most aggregates 
are amorphous, a subset of nonnative proteins 
ggregats to frm socalled amid fibrils whic 
fare structurally fined by P stands running per- 
pendicalar tothe long bei axis (rasfstructure) 
(ig. 200. bi formation i often preceded bythe 
cumulation of oligomeric agaregates, which are 
thought to play key roles in disease (Fig. 2A). 
“Molecular ehaperones that function broadly in 
‘de nove folding inelade the chaperonins(Hsp00) 
andthe Hspi0 and Fsp0 stems. Tay reg: 
nie hyopobi arsinn acl residues expose by 
nonnative proteins end promt folding through 
adenosine S'triphosphate (ATP)-reguated cys 
fof protein binding and release tn this mechanism 
of kinetic partitioning, release of hydrophobic 
lements allows folding to proceed, whereas 
(epinding of nonnative protein blocks agerez 
tion and may reverse misfolded states (Fig, 2), 


Protein folding in the 
context of translation 
Protein folding in vivo occurs in the context of 


the vectorial translation ofthe polypeptide chain 
fn the ribosome from No C termini, a ful 


rientaldiference from refolding of chemically 
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denatured protein in vitro, where all elements of 
‘he pabpeptide chain are simultaneously avalible, 

‘Translation is slow compared to folding. For 
‘ample, it takes eukaryotic rbosomes -25 s to 
synthesize a 100-aa protein (~5 s for bacterial 
‘ihosomes) (1), sugzesting that folding ean begin 
corangationaly, The naent chain ext channel 
ofthe lage sbosome subunit is 100 A long and 
‘ypically10 to 20-A wide, proving just enough 
spice for « helices or smal etary structure el 
‘ements to form (H) (Fig. 3). As a consequence, 
the Cterminal 0 to 40 an ofthe translating chain 
ar topologically restricted and eannot partiepate 
inthe long-ange interactions necesary forthe 
cooperative folding of larger domains. The exit 
channel expands toward ts opening, however, 
forming an "ext port that may allow dhe emerging 
clin to explore local peptide conformations 
(25,16) The channel ofthe bacterial ribosome 
‘was recently shown to provide sufficient space 
for the folding of 1 29-a zine-binding protein 
(27, A limited number of small single domain 
proteins (-S0 proteins <0 a in el see Fi 2) 
‘may thus fld to completion before emerging 
‘fom the ribosome. A fiveselix domain of 70 88 
‘vas observed to forma compact nonnative inter- 
mediate in the ext port that rearranges into a 
patel truce afer the fll dma sequence 
‘emerges from the sbosome (15). Moreover, the 
ribosome surface contributes to avoiding mis 
folding of incomplete chains that would agre- 
gate in free solution (19, 20). These studies 


provide fascinating evidence thatthe ribosome 
Iovilates the folding pathway: Because folding 
{ssatelimited by translation, the nascent protein 
‘sallow to sample available conformations ina 
‘quasi <quibrium (10, with small modules begin- 
ning to form inside the channel and coalescing 
‘upon emergence from the ribesome, perhaps re- 
ducing kinetic traps along the folding pathway 
‘Chaperone binding tothe emerging chain may 
further avoid misfolding, as deseribed in the 
following section. 

Although most single-domain proteins reach 
‘their native state postransatonally nce all ele- 
ments of the nascent eatin are avallale outside 
the ribosome (18, 20-22), cotransatona folding 
is ital forthe biogenesis of many multidomain 
proteins, As noted previously (2, the sequential 
folding of domains emerging from the ribosome 
avoids the formation of misfolded states tesa 
{ng from nonnative interdomain contacts (29,25) 
(ig. 3). The cotransational formation of folded 
‘domains also allows subunit assembly to initiate 
‘on ribosome-bound polypeptides, as shown for 
the Lisa snd Lint subunits of teri lucifer 
ase (26), Such a mechanism is faciitated by the 
‘operon structure of bacterial genes, where sub 
‘units ofan oligomeric complex are often encoded 
by the same mRNA OF note, adjacent ribosomes 
in polribosome complexes have been observed 
‘tobe dose associated ina manner hit maximizes 
‘the distance between thir polypeptide ext sites 
(27, 28) This topology would disavor aberrant 
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Fig. 3 Protein folding onthe ribosome, The poietic eit tunnel of the large sibosomalsubur as 
seen iva longtucnal cut through the scteral rosome, ws magriied and shiyn schematiealy. The 
nascent polypeptide chan ofa ruftidaman protein s maceled int the tunnal, fring. folded N terminal 
domain of -200 aa metal cutsde the rboscral ent por. This ceransatcral og process may be 
_2ssted by chapercres that dock ono the rhosame at the pening ofthe exit tunel Complein olin is 
‘exited by connsreamchanarres that havea dec fiat forthe bosom 1,2 and3 mark regen ofthe 
tunel where structure formaton ofthe nascent chan, rchudng fling of corains <0 a, ha been cheered 
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interactions between nascent chains similar in 
Aength and folding status Thus, a partially fold 
fed nascent chain may preferentially assemble 
‘with a completed subunit that has already left 
the ribosome 

“The rate of translation can be manipalated by 
cells to optimize folding 29-94) Modifying rans- 
lation speed by altering codon usage affects the 
‘conformation and function ofthe dock protein 
FREQUENCY (35) and the multidrug resistance 
effux pump MDE (30). Thus, 2 nuanced picture 
of translation is emerging, in which the rte of 
protein synthesis has been tuned in evolution to 
‘optimize folding and prevent misflding of the 
nascent polypeptide. 


‘Chaperone networks in the cytosol 


Several evolutionary conserved fais of molec 
ular chaperones guide proteins along productive 
folding pathways, avoiding and sometime re 
versing misfolding and aggregation, Their mem- 
bers are often refered to as stress proteins oF 
heat shock proteins (Fsps) beesuse they are up- 
‘repulsed in conditions of conformational stress, 
‘The major chaperone families are elasified by 
molecular weight (Hsp40, Hsp60, HspT0, Hsp, 
Hspl00, andthe small Hsp) 

‘The organizational prinpls of cytosolic chup- 
rone pathways are highly conserved. For most 
proteins too larg: to fold in association with the 
‘ibosome, chaperones delay chain compaction, 
preventing misfolding, until sufficient structural 
‘lements are available for folding to be predic- 
tive Ribosome-binding chaperones [Triger fac 
tor (FF in bacteria: shosome-asecated ample 
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(RAC) and nascent chain-associated complex 
(AC) in eukarya interact first with the nascent 
polypeptide, followed by chaperones that have 
no direct affinity for the ribosome, including the 
‘lasscal Hsp70 system (DnaK/DnaJ in bacteri 
Hspq0/HHepl0 in cukarya) (Fig 4). Completion 
of folding may ether be necomplished by 170 
tr require transfer to the chaperanin (GroELJES 
in bacteria; TRIC in eukarya) or the Hsp90 sys- 
tem (HtpG in bacteria) (Fig, 4). The different 
chaperone machineries interact directly, o use 
specific adapter proteins to faitate client trans 
fer In this way, the folding protein is constantly 
protected from aberrant interactions and pre- 
mature degradation in the cytosol (37, $8). The 
ATP-independent small heat shock proteins 
(etlsps) function in buffering aggregation and 
cooperate with Hsp70 in folding reactions (29). 
In addition to these promiscuous chaperone sys 
tems, speci assembly chaperones may ait the 
formation of oligomeric protein complexes by 
interacting with thie folded subunits (40,41). 


Chaperone functions on the ribosome 
‘In bacteria, the abundant TF binds tothe large 
ribosome subunit at the opening of the poly- 
peptide exit tunnel and interacts withthe nascent 
thins of most proteins >100 aa in an ATP. 
independent manner (42, 4). Although TF is 
‘not essential in & nl under laboratory grat 
conditions, the combined deletion of TF and 
Daal (the major bacterial Hsp70) is lethal above 
OPC, resulting in bulk prsein aggregation (3,49. 
‘TF (-50 kDa) has an elongated three-domain 
structure (22) and binds to hylrophobie stretches 


‘in nascent eins, there delaying chain collapse 
(22, 44-49, Asa resul, TF slows the rate of eo- 
‘translational folding but inreases the yield of 
‘the folding reaction (48). For longer nascent 
chains, TF cooperates with the ATP-regulated 
Dnak/DnaJ system (18) (Fig. 44). Release from 
‘TF appears to be governed by the propensity of 
the bound peptide to bury hydrophobic segments 
as translation proceeds. A similar mechanism of 
folding is exemplifed by the ATP-dependent 
‘chaperone Spy in the bacterial periplasm, were 
dient proteins remain associted with the chap- 
‘rune until all hydzmphobie elements are buried 
‘nthe folded stature (49). 

In eukaryotes, RAC and NAC may fulfill ole 
similar to that of TF in protein felding. RAC in 
Saccharomyces cerevisiae and other fungi is a 
‘complex ofthe Hsp70 chaperone S511 and the 
Hibosome-binding Hspt0 cochaperane zuptin 
(Hsp7011 and MppH in mammals) (4). RAC co- 
‘operates with te ribosome-inding isoforms of 
Hsp, Ssbt, and Ssb2 (50) and has been sag 
gested to eouple cotransational folding withthe 
mechanics of peptide elongation by the ribosome 
(Gi, 2), NAC, a dimeric complex ofa (21 kDa) 
and (2 kDa) subunits, ascates with ribosomes 
via the subunit and binds short nascent chains 
Recent findings in Caenorhabditis elegans show 
that protein aggregates sequester NAC, thereby 
reducing translational expacity and implicating 
[NAC asa sensor of protein quality control status 
(68) Moreover, NAC is required for correct intra- 
celular protein sorting (54-50, Specially, NAC 
modulates the fidelity ofthe signal recognition 
particle (SRP) in targeting proteins tothe endo- 
plasmic reticulum (ER) (54-56). Moreover, is- 
targeting of mitochondrial proteins to the ER 
‘occurs when NAC function is imprired (50). 


Chaperone functions downstream 
of the ribosome 


For proteins that are unable to fold with the 
ribosome-associated chaperones (230% of the 
proteome), the nest layer of folding assistance 
‘is prosded by the Hsp system, which i abun 
dant in bacteria and eukarva (Fig 4. Multiple 
Hsp70 molecules may interact with a nascent 
chain, preventing unproductive interdamain in- 
‘teractions and supporting cotranslatianal folding 
(23, 50, 57. tn addition, Hsp70 functions as a 
Ihub, providing connections to the more spe- 
cialized downstream chaperones, Hsp90 and 
‘chaperoning.Substrateloaded Hsp i coupled 
{to Hsp90 via the Hsp onganizing protein (Hop), 
‘whieh physically connects Hsp70 to Hsp90 to 
faelitate dient transfer (55, £9) (Fig 4B). Hsp7D 
also interacts diretly with tne eukaryotic chap- 
feronin TRIC/CCT (60) (Fig. 4), and in Ecol 
maintains certain proteins in a folding-competent 
state before transfer to the ehaperomin GroEL. 
(29) (Fig. 40). In adlition to Hsp, in eka 
the jelvfish-ke, hexameric prefldin (Pa) can 
bind to nascent chains and meats transfer to 
the chaperonin (Fg. 48). In archaea, many spe- 
es of which lack Hsp70, Pid may full a mare 
‘general role asa nascent ehain-bindingchaper- 
one 23} 
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Chaperone paradigms, 
Several mechanistic paradigms of chaperone 
function im protein folding have been defined 
(23) In the following sections, we discuss major 
recent advances in understanding the mecha 

nisms of the Hsp70, chaperonin, and Hsp90 
‘machineries, 

The Hsp70 system 

“spo (Dna in bacteria) sa paradigm allosteric 
chaperone that binds to 5- to aa sequence 
‘elements that are enriched! in hydrophobic ree 

idues and are typically exposed by nonnative 
proteins (1, 2). ATP-dependent binding and 
release of such segments allows HspT0s to par 

ticipate in a wide range of cellular processes, 
including protein folding, refolding, disagrexa- 
tion, and protein transfer to cellular eampart 

ments or the proteolytic machinery (0, 42). 

Hsp70 has two domains: an N-terminal 
nuclectide-binding domain (NED) of ~10 kDa 
and C-terminal substite-bindng domain (SBD) 
fof =20 kDa, connected by bydrophobi linker 
(G1 (Fig. 5A). The SBD consists of a Psandwvich 
‘domain, harboring the peptde-binding site, and 
an ec id segment, Peptide substrate binds 
in an extended conformation in a groove in the 
Ppsandwich domain (Fig. 5), 

‘The Hsy70 reaction eye intimately mulated 
by Hp0 proteins and nucleotide exchange fac 
tors (NEF) (Fig 58). Hsp40 cochaperones (Dna 
in bacteria, jointly known as J-lomain proteins) 
function in recognizing and transferring sub 
strate proteins to Hp70 in the ATP state, in 
‘which the hydrophobic interdomain linker and 
‘the acl ofthe SBD are sociated with the 
‘NID, and the SBD is in an open conformation 
(G35). In this state, Hsp has high on and off 
intes for substrate, Interaction of Hsp40 with, 
Hsp70 strongly accelerates (by >1000-6ld) the 
hydrolsie of the bound ATP, generating the 
adenosine 6-iphosphate (ADP) state, in which 
‘SBD anu NBD are loosely associated (C1, 6) and 
the a-heical ld isin the dosed conformation, 
‘rapping the bound substrate (low on and off 
ates) (6,67) (Fig. 5B). Subsequent NEF binding 
to the NED facitaes ADP-ATP exchange, open 
ing the SBD and allowing substrate release for 
folding or transfer to downstream chaperones 
fr the degradation machinery. Rebinding pre 
vents affpathway aggregation and can reverse 
nisfolding by removing long-range interactions 
‘present in unbound folding intermediate (kinetic 
partitioning mechanism) (68-7. Ithas alsa been 
suggested that DnaK binding ean bias the fol 
{ng pathway such that the bound substrate first, 
forms secondary structure, fllawed by the de- 
velopment of longer-ange contacts upon release 
(71,72). In metazoans the eee is further regu 
Tated bythe Hsp interacting protein Hi, which 
stables Hsp70 in the ADP state, delaying client 
protein release (73) (Fig. 58). 

‘Compared to barteria, the number of Hsp¥0 
proteins s markedly expanded in eukarya. Humin 
cells express ~50 different J-domain proteins 
(70, amplising the ability of Hsp70 to recognize 
a diverse range of clients. For example, Hsp70 
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Fig. 4. Chaperone pathways of protein foldingin the cytosol. fo ~70%4 ot bacterial (A) ane sularyctic 
(@) proteins, the rlosome and aseociated factors [tnager factor (TF) in Bacteria: nascent chain 
fastocited complex (NAC) and ribosome assocsted complex (RAC) in eukaryotes] provide flding 
assstance Downsteam of the ibasome, Hsp70 (DnaK in bactera) isthe hub ofthe chaperone network 
Hsp70 cooperates with HepdOs (Dra in bacteria) and nucleotide exchange factors (NEFS: GrpE in 
bacteria) to fold ~2036 ofthe proteome, The remaining ~10% of the proteome is passed on {othe 
‘chaperone for folding—GroEL/ES in bactera and TAC in eukaryotes In eukaryotes, some nascent 
proteins are transferred erect to TRIC by preted (Pid). This alternative pathway dominatesin archaea, 
which lack H5p70 proteins, Eukayotes also emplay the Hsn50 chaperone system to catalyze the 
Activation of metastable proteins such as kinases and traneeron factors. Chants are transfered £2 
Hsp80 via the Hsp70 system and the cochaperone Hop. The bacterial HspS0. Hip isthought to act mare 
sneraly in fecing and functions without knawn cochaperanes. 


‘cooperates with the Hsp40 aun in disassem- 
bling lathrin cage of endocytic vesiles (2) and 
‘with other speiic Fspi0s in supporting the life 
cele of certain viruses (7). The NEF of Hsp70 
se less diverse (70) Bateria contain ona singe 
(NEF, Grp, wiheras several structurally unrelated, 
families of NEFs exist in eukarya, including the 
'e.2-assoviated anthanogene (BAG) domain pro- 
teins, as well as HspBPI and Hspi0 (70). The 
isplio proteins are Hsp70 homologs that fuane- 
tion also as holding chaperones and cooperate 
‘with Hsp70 in protein disagaregation (77 78) In 
ceukarya the C terminus of eyosolie HspT0 is 
unstructured and malstes interactions between 
sp70 and Hsp00 (via Hop) or the ubiquitin- 
proteasome system (via CHIP) (a, 7) (Fig. 5B). 
‘Both Hop and CHIP contain tetratricopeptide 
repeat (TPR) domains that bind the C terminus 
of spi and Hsp00 (19) 


Chaperonins—nanocages 
for protein folding 


“The chaperonins (isp60s) are multisubunit ey 
lindrical complexes that funetion by endlosing a 


single molecule of nonnative protein in their 
central eavity for flding to occur unimpaired 
bby aggregation. They are essential in all three 
domains of life and are divide into to group 
‘Group I chaperonins occur in the bacterial eytosol 
(Gro), mitochondria (Hspe0), and chloroplasts 
(Cpn6o) (80); group I chaperonins, in archaea 
(hermasome) and the eukaryotic gtosl (TRC, 
also known as CCT) (8). The two chaperoni, 
lasses share a common subunit organization 
and general architecture, both forming -MDa 
complexes consisting of two rings of seven to 
nine subunits of ~60 kDa that are stacked back 
torback. Group I and I chaperonins are unable 
to fold dient proteins interchangeably, implying 
‘important differences in substrate protein rec= 
‘ognition or folding mechanism. 

“The group I chaperonin GrokL of the bac. 
terial eytool is involved inthe folding af ~10% 
fof the & en proteome, including proteins that 
‘anmnot use the upstream chaperones for fling 
(60, 8), GroEL cooperates with the lid-shaped 
GroES, a heptamerie ring of -10 kDa subunits 
that binds to the ends of the GroEl. eylinder 
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Fig. 5. Hsp70 conformational cycle. (A) Structure of the bartenal Hsp7O, Drak, ATP binding arc 
Irs atthe nucleotide binding domain (NBD) cive large conformational changes in Hsp7O. ATP 
binding ircuces the open state cf Hep70 (lft: PDB 4250), in which the whelcal il ofthe substrate 
bineing demain (SED) s attached tothe NED. Upon hysrayss ot ATP to ADR, Hsp70 vansions fam the 
‘open state with high on ano rates for pepte substrate ta the closed state (ight PDB 2KHO).n which 
N&D and SED are separated ard! the well i lose ever the pati Ending cet (ow on an aff 
rates for peptide austrate) Bound nucleotide is shown with adenasine in Due and phosphate in ec 
Bound peptide ith the sequence NRLLLTG (N, Asn R Ag. Leu, Th: G. Gy) shown in space-iing 
representation (B) Cycle of substrats birding and release, Nonnative polypeptide substrate interacts rst 
with Hspd0 and is dovered to ATPibound Hsp70 (open state). Interaction with Hsp40 tragers ATP 
hayes om Hep70, generating the closed state ADP release catalyzed by nucleotide exchange factor 
(NEF) and rebinding of ATP trigger substrate release for folding or possible transfer to downstream 
‘chaperones. Hip in metazoans stables the ADP stata, thereby delaying subarate release. Prolonged 


bieing of narrative protein to Hsp70 may favor degradation, Figure macified rom (13) 


(ig. 6). The GroEL. subunits contain an eau 
{torial adenosine triphosphatase (ATPase) domain, 
an intermediate hinge domain, and an apical 
domain (82) (Fig. 64). The apieal domains form 
the entrance to the eavity and expase hydro- 
‘hobie residues fr the binding ofa nonnative 
substrate protein. The two sings of Gro fune- 
tion sequentially a folding chambers, regulated 
allosterically by the Grok. ATPase (83, 84). 
Binding of ATP and GroES to the subsirate- 
hound ring eauses the displacement af the non 
‘ative substrate from ts hyropbobic attachment 
sites into a cavity eapped by GroES (Fig. 6). 
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‘This step is accompanied by extensive confor 
rational changes of the GroEL subunits that 
enlarge the ring eavity and alter its physical 
properties from hydrophobic to hydrophilic 
(0,82). Proteins up to ~60 kDa in size are now 
fee to fold in the chaperonin nanocage for the 
time it takes GroEL to hydrolyze its bound ATP 
to ADP (~2 st $7°) (85). Binding of ATP tothe 
opposite GroEL rng then induces an allosteric 
signal that eauses ADP to dissociate and Grok. 
to unbind Folded protein is rcleased, while in- 
completely folded or misfolded molecules may 
‘bind, resulting in posible unfolding in prepara 


tion for another folding eyee (86, 67). Whether 
the Gro rings funetion stretiy sequentially in 
{folding or sometimes in parallel, with both folding 
‘chambers being taped by GroES simultaneously, 
{sa matter of ongoing research (80, 84,88), 

‘The GroEL-dependent proteins tend to pom 
late aggregation-prone, kinetically trapped folding 
‘ntermtiats when fling in fe soiton (8, 90) 
Although agen prevention san important 
function ofthe chaperonin (02), recent studies 
show that GroH1/GIDES can markedly accelerate 
the folding of some ofthese proteins by smoothing 
their folding energy landscape (85, 92-96). The 
‘confining environment ofthe chaperonin cage 
allows complex topologies to form sequentially 
thereby guiding the substrate along a folding 
pathway that avoids kinetic traps (s), Exactly 
how GroEL/GroBS accelerates protein folding is 
‘not yet clea, but has been shown to depend on 
‘the volume of the cage; the negative charge of the 
cnvity wall and the BexibleC termini of the GroEL. 
subunits that protrude into the esvty (80). 

‘The eukaryotic chaperonin TRIC also supports 
the folding of -10% ofthe proteome, including 
the key cytoskeletal proteins actin and tubulin 
(8D. Like GroEL, TRIC eyes herween open and 
closed states, but substrate encapsulation is 
cofactor-independent and is mediated by helical 
protrusions from the tip af each subunit that 
function asa builtin lid (97) Fig. 6C). The iis 
like lid does not seal the cavity completly, but 
leaves a small pore that ean accommodate ex- 
tended polypeptide chains. This feature allows 
"TRIC to encapsulate and fold large substrates in 
a domain-vise fashion and act cotranslationally 
(08) (Pg. 4), Une the omo-ligemerie GroEL, 
‘ech ring of TRIC consists of eight paralogous 
subunits, which difer in substrate recognition. 
“Thus, TIC may dictate the topology ofthe bound 
substrate (99) Fig. 6D). The subunits aso vary in 
their ainty for ATP, with loe- and highafinity 
subunits being spatially segregated within the 
ring (100). As a result, the ATP-driven confor. 
‘ational eyele may proceed sequentially (10D, 
‘Moreover the unique subunit arrangement creates 
pronounced asymmetry in the distribution of 
charges in the folding chamber (102-104) (Fig 
{6D), Which may influence the folding trajectory 
ofthe encapsulated substrate. The TRIC-medinted 
folding of certain substrates, such as hetrotri- 
‘meric GTP-binding protein (G protein) § subunits, 
‘is enhanced by cooperation with the cochaperune 
‘Phosduin-ke protein (105. Although the sruc- 
‘ure and conformational cyee of TRIC are now 
‘well understood, t remains unclear how exactly 
the special features ofthe eukaryote chaperonin 
contribute to protein flding. 


‘Hsp90—conformational surveillance 
of metastable clients 


In eukaryotes, Hsp0 supports not only protein 
folding but also the conformational maturation 
and maintenance of a range of medically relevant 
signaling proteins, including proto-onengenc 
‘kinases, trad harmone receptors and transrip- 
‘tion factors (106-110) Owing to its involvement in 
‘multiple signaling pathway, Hsp00 abo plays an 
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Fig. 6. The chaperonins. (A) Structure af the 
_rcup bacterial chaperoninsystern GrcEL/GroES, 
‘The eystal structure of the asymmetnical GroEL! 
TADP-GroES complex (POS IPFO) is shawn on 
the leftin space ling representation. One subunit 
in each ring is splayed in schematic representa 
tion with the equate domain in blu, the inter 
mediate domaininyelow, andthe apical domain in 
‘ed. The conformations ofthe GroEL sunt inthe 
‘pen state and in the GroES bound, closed state 
2re showm in rbbon representation inthe mice 
‘and on the right, respectively (B) Reaction cycle 
(of GroEL/GroES. Substrate protein binds as fold 
ing intermediate tothe empty GroEL rng and is 
‘ercapsulated by Grok in an ATP dependent step 
‘The prem is free to fold within the ehaperonn 
nanocage forthe time equred te hycalyz ATPon 
‘each subunit af the heptamerc GroEL rng. ATP 
binding to the apposite ring then triggers the 
release of folded protein and GroES, completing 
the ele Incompletaly folded protein wil abi 
after release. Figures mei rom (13), (6) Suc 
ture ofthe eukaryote chaperanin TRC. The crystal 
structure ofthe hesadcamerieTRIC corr wth 
both ringsin the closed conformation (PDB 4V34) 
is shown onthe ltt in space fing representation, 
One subunit in each ring is dsplayed in schematic 
representation with the domains eaiarcoced as 
‘shove The subunit canformation ofthe TR sus 
‘unitin the epen state (PDB 3KF) ann the closed 
state (PDB 4VS4) with the whelcal extensions 
averng the ring operingare shown inibbon repre 
entation in he mide and onthe right. espe: 
tly. ADP is bound inthe equatorial dora inthe 
closed state. (D) TRIC mechanism. The subunit 
‘orientation ofthe TRIG complex is shown sche 
‘maticaly as atop view ofthe ing Nennatve sub 
strate prtcn brs na datnc topology contacting 
the apical domain of specie subunits (lf). Upon 
ATP binirg TRI releases the protinina sequertal 
manner aided ty asymmetry in ATP ati ofthe 
‘TRIC subunits (mide). After release thepretein 
{alds to completion inside the TRIC cage, the 
hemispheres of which ae partitioned into aciic 
‘angie craracter 


important evolutionary role by buffering desta 
tiling mutations in its cent proteins (11). 
Hsp90 is a homodimer, with each subunit 
consisting of an Nterminal nucleotide binding 
domain (NTD) of -25 kDa, a middle domain 
(MD) of -40 kDa, and a Ctenminal dimerization 
‘domain (CTD) of 12 kDa (107, 12, 15) (Fe 78), 
‘A charged linker region connects the NTD with, 
‘the MD. The Hsp90 dimer is dynamie and sam 
ples a range of conformations that are selectively 
Saiz by nucleotide, dient protein, and various 
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cofactors (14 115) In the absence of nucleotide, 
spo favors an open conformation (Fi. 7. A 
tnd). Upon ATP binding, aid segment ofthe 
NID doses over the bound nucleotide, whi 
leads to TD dimerization via strand exchange 
‘A flexible loop from the MD eantacts the ND, 
inducing a twisted dosed conformation, with re. 
sidves fom the MID contributing to ATP byl 
ysis (12) (Fig 7, A and B). After ATP hydrates 
tnd mucoid release, Hsp00 reverts to the open. 
State (Fg. 7B). Although ATP contributes free 


‘energy and directionality tothe Hsp:90 eonfor- 
‘mational jee the ratelimiting step i not ATP 
Inydroysis, but the lage conformational transi- 
‘tion from the open to closed state (116). 

How Hsp00 recognizes substrates and how 
its ATPase cycle is coupled to client matura- 
tion are not yet wel understood, Recent evidence 
suggests that HspoO hs an extended substrate- 
‘nding interface that erases domain boundaries 


and exhibits spect for proteins with expose 
hhylrophobic residues, independent of whether 
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Fig. 7 Hsp90 conformational cyele. (A) Crystal structures of the open state of Hsp0 fram 
bacteria (PDB 2100) and the closed state from yeast (PDB 2069). Each subunit of the Hsp80 
‘homodimer consists of an N-terminal nuceate binding domain (NTO), a riddle domain. and aC: 
terminal merization domain. (B) HspS0 reaction cyl. inactive substrate protan bres to the Hsp80 
cdmer. ATP binding shits the Hsp80 conformational equltrium to the closed state with the NTOs 
sdimerzed This metastable state(s committed to ATP hydrolysis, resulting in further canformaticnal 
‘changes to the closed twisted state. Release of ADP and P, returns Hep90 to the open state, The 
ound cent protein is conformationaly activated as Hep proceeds thraugh ts cycle, Castors Hop 
‘and Cdc37 delay the ATP hydalsis step of the cycle, Anal stabiizes NTD dimerization thereby 2c 
celerating ATP hydrolysis. p23 stabizes the closed dimer, slowing the release of substrate protein 


from Hsp80. 


they are disordered, party folded, or near native 
(U8, 17, 108) Interaction with Hf0 can sles 
tively stable metastable lent proteins in their 
active conformation, as shown fr gicocorticie 
receptor and Ste kinase (35,119), explaining 
‘why Hsp90 is especially important in eancer 
cells where roth is driven by the constitutive 
fctvation of ane or more oncoproteins. 

"s00 cooperates with various cochaperones, 
whi rogulte its ATPase activity ancl recruit 
clients (107, 12) (Fig. 7B). These factors act 
sequentially along the Hsp90 eyele, and in some 
‘eases form mised complexes with the ehaperone 
(20). Hop and Cds? stabilize the open canfor- 
ration of the Hsp90 dimer, inhibit ATP hydro 
pis and fcitate client binding. Hop mediates 
‘ent transfer from Hsp70 to Hsp00, whereas 
‘Cde7 functions as an adapter for kinase clients 
‘Abul binds asymmetrically to the MD and NTD 
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ofthe Hsp0 dimer, facitating transition tothe 
‘lesed conformation and thereby accelerating, 
ATP hydrolysis (21, 127) p28 acts toward the 
fend of the eyee, and faitates client matura- 
tion by stabilizing the closed state of the Hsp0 
1 domains and inhibiting ATP hydrolysis (107. 
In audition, Hsp00 enoperates with a range of 
other cofuctors containing TPR domains. Some 
fof these factors also contain peptidyl-prolyl 
‘isomerase (PPlase) domains and participate in 
dlient folding on Hsp90 (J09). In contrast to 
eukaryotic Hs90, the bacterial Hsp90, HipG, 
is independent of Hsp90 cochaperones. 


The proteostasis network 
Proteostasis, the state in which the proteome 
taf an organism isin functional balance, must 
betty controled within individ, ss, 
and organs. To maintain proteome integyty, the 


liferent chaperone clases and their eofactors 
‘operate with the machineries of protein sym- 
‘thesis and protein degradation ina coordinated 
proteostasis network (PN), comprising ~1400 
‘components in mammalian ells (128-128) (Fig. 
{8A}, The PN must balance protein synthesis with 
tumover; clear surplus, misfolded, and aggre- 
sated proteins; and respond to stress. Impor- 
‘tantly decine or disruption ofthe PN is strony 
associated with aging and diseases of aberrant 
protein folding and aggregation (4, 126), The 
‘organization of the PN appears to be robust, 
displaying a high degree of redundancy. Far 
‘example, only 55 of the 382 chaperones were 
ound to be among the core fitness genes of 
‘numan leukemia K562 cells (23, 227) (Fig. ®) 
nC elegans, knockdown of only 20 of the 219 
‘chaperones enhanced aggregation and toxicity 
‘of neuredegenerative disease proteins (25), The 
lange size of the PN with builtin redundancy 
‘would faciitate adaptation tothe needs of spec 
cell types and tissues, dependent on environ- 
‘mental and physical exposure, as well as requite- 
‘ments of the expressed proteome 

‘Stress conditions, including exposure to 
levated temperature or oxidizing agents, up- 
‘regulate multiple chaperones (stress proteins) by 
‘inducing transcriptional programs dedicated to 
specific cell compartments. These include the 
‘evtosolic stress response (128) and the unfolded 
protein response (UPR) pathways ofthe ER and 
‘mitochondria (129, 180). The stress response 
of individual cell types and tissues is further 
coordinated at the onginismal level by cell- 
‘nonautonomous signaling mechanisms (4, 11) 

Degradation of terminally misfolded proteins 
and contol of protcin stoichiometries is mainly 
performed by the UPS (18, 183), which com- 
prises several hundred components (138) and 
‘lays an important role in maintaining proteome 
hhalance (134) Fig. 8A). Interestingly, certain 
‘misfnded proteins require chaperone-edited 
‘anspor from the cytosol into the nucleus far 
proteasomal degradation (135-17), defining the 
hhucleus as a general protein quality control 
‘compartment. Clearance of agsregated proteins 
by the UPS requires disaggregation prior to de- 
sradation, which i performed by Hsp70 in eo- 
‘operation with Hspl0 and a mixed-lass Hsp40 
complex (7,78) (Fig. A). In bacteria and fung, 
‘AAA+ ATPase complexes of the Hsp100 family 
‘couperste with the Tis system in dsgamrztion 
(139), Protein aggregates resting disassembly may 
be cleared by selective autophagy and Iesomal 
degradation (138) (Fi. 8A}. Both proteasomal and 
Ipsesomal dearance pathways ae tighlly coupled 
to the Hsp7D and Hsp90 chaperone ystems via 
BAG-domsin proteins and specie ubiquitin 
tigases, such asthe eochaperume CHIP (139,140) 


Toxicity of protein mistolding 


‘to mutation (single-nuceotide polymorphisms 
(SNP3] renders proteins metastable and underties 
many pathologies, including etic brosis and 
‘wide nge of mtabolle defects (47). Aout 
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«fully functional PNY may’ buffer the destaiing 
fees of SNPs on protein conformation, meta 
stable mutant proteins tend to aggregate when 
PN capacity i overwhelmed, as occurs prsTes 
sively during aging (142, 43). Age-dependent 
decline of the PN facilitates the tox agreration 
‘of neureegeneratve disease proteins (both wd- 
type and mutant forms), such as amyloid-beta 
peptide (AB) and Tau in Alzheimer’s disease, 
‘osymusein in Parkinson's disease, and huntingin 
in Huntington’ disease. The hallmark ofthese 
pathologes isthe intre- or extracellular deposition 
of aggregates containing amyloid-like sheet 
‘ibrls (Fix. 8). Chaperanes have been shown, 
tw interfere at various steps ofthe aggregation 
cascade (#42), including primary nucleation, 
fibril elongation and fragmentation, and second 
ary nucleation bythe fibril surface (145,140), 
“Tasic aggregates are aso prodaced when faulty 
translation produets accumulate (47-H0)—for 
‘caumple, wien polypeptide chains that stall dur- 
ing translation on the ribosome are not eff 
dently eared by ebxemne quality conta (AGE) 
‘machinery and the UPS (30-15). 

“The toxicity arising from agaregation underies 
‘common structural properties ofthe aggregates 
(ain of tore function) and may be entirely un 
related to the normal function ofthe affected 
protein. In parallel with assembling to insoluble 
‘end-stage fibrils, the disease proteins often ac- 
ceumulate toxic oligomers that expose “sticky” 
surfaces (hydrophobic amino acd residues and 
‘unpaired jstrands) (152). These features confer 
to the oligomers the ability to engage in aberrant 
interactions with multiple key cellular proteins 
(253, 158). The proteins targeted by toxic agsre- 
ates are often themselves metatable (155,150), 
‘they are typiealy enriched in intrinsically unstruc- 
tured regions and sequences of low amino aid 
‘complet, charscteriste features of many RNA- 
hinding proteins (154157) Tee protein gure 
tion interferes with nudeogtoplasmic transport 
fof RNA and protein and generally impairs RNA 
homeostasis (156,158. Moreover, the aggregates 
‘impair protein degradation by the proteasome 
and autophagy ystems (124) and sequester ext- 
‘eal components of the chaperone network, such 
as certain Hsp40 cochaperanes (137,199. 15D, 
Protwin aggregation therefore direlly interferes 
‘with PN function and is both # symptom and 
‘cause of PN decline—seting in mation a viions 
cee that ultimately triggers protecstasis col 
lapse Fig. 88), 

‘Aggregate management is critical in deter: 
‘mining ell viability and the lifespan of model 
‘organisms, Proteins have been optimized during 
‘evolution to maintain solubility at their phsio- 
logical concentrations (259). Thus, even & modest 
‘nease in abundanor, as might be caused by age 
‘dependent proteome imbalance ar due to ane 
ploidy (160, 160, will result in loss of solubility 
Interestingly, recent evidence indicates that cells 
‘ontsin machineries that actively sequester sur 
plus and misfolded proteins into transient or 
stable deposits when their timely degradation 
{ails (61-169, presumably an attempt to reduce 
tie effets exerted by soluble oligomers (169) 
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Fig. B. The proteostasis network. (A) Cols employ an extensive network of malecular chaperones and 
‘ther factors ta maintain proteome interty. Specie chaperone components ae ste that partite in 
prorating te fling of newy syrthesized proteins are destabilze nonnative protin conformations, as 
well as cooperate with the dagradation machineries [the ubcuiin proteasome system (UPS) and auto 
hag ar! lysosomal degradaton] Pathways promoted by chaperones are shown with green arrows cf 
pathway rections vthred arrows Vareusopions torn the PN pharmacological are aloindicated 
ROC, nose ually contol machinery, (B) Balanced versus mbalanced PN Patein misting and 
aggregate formation © shown asthe hey process that puts pressure on the PN, resulting in posable 
‘estabization Green cle: The PN at full capacity copes wih the oad of misfolded proteins by ether 
Felocing/lsageregating or depracng aberant proteins. Red ice: The PN is progressively overwhelmed 
through a postive fecback aopinwhich protein mfg ard agsregatan leads toaberrant erations 
with key proteins (inlutng imiing PN cernponents), resulting in proteestasisimparmant aed eventual 
colapse. This downhl spiral is aceleratedty the age-dependent decine of proteostass capacty an/or 


‘xcessve production of aberrant proteins, 


The PN as a drug target 
Mechanisms that promote proteostass have 
the potential to maintain mutant proteins ina 
functional, nonaggresated site; slow aging; and 
decrease the incidence of age-related diseases in 
‘model organisms. Thus, boosting PN eapacity 
ray be beneficial in both los-offunetion and 
sain-oftoxiefunction diseases of protein mis- 
folding (170), Conversely, attenuating the PN 
by inhibiting specific chaperone or degradation 
pithways is efleeve in cancer treatment, besase 
lncogenc proteins ae often metastable and thus 
highly chaperone dependent (110,124, 172, 172). 
For example, the inition of Hsp00 with mol. 
fcules that block ATP binding prevents the 
activation of dient proteins that promote tumor 


srovth and directs them toward degradation 
(Wo, 17), Similarly, parmacologe inhibition of 
Hsp0 or its cofactor interactions may interfere 
‘with folding and promote protein degradation, 
defining 2 promising strategy in the treatment 
of eancer and certain neurodegenerative dis- 
eases (17). 

In principle, PN capacity can be enhanced in 
several ways (Fig. 8A): () by down-regulating 
translation to reduce the load of misfolded pr 
‘tins onthe chaperone item: (i) by up-eguating 
chaperone levels to improve folding and can- 
{ormational repair and (i) by enhancing the 
clearance of misfolded proteins and agrees 
‘or by promoting the formation of inclusions that 
are nontoxic. For example, the antihypertensive 
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Fig. 9 The subset of chaperones that belong to 
‘theca finess genes of transformed hurman call 
(A) enn dagram showing the ovriapbetween the 
human chaperere andthe core iness genes (the 
‘essentalome) of KE62 leukemia cols. Data are 
‘tor (123,127) (B) The chaperome (332) proteins 
vided into the major chaperone fares. The 
‘umber and racton af essential chaperones (S5in 
{otal are indeates foreach family TPR, ttratica 
peptide repeat cochaparones. Note thatthe chap 
‘ronins contain the highest traction of essential 
‘components, andthe TPR pretens corrrise the 
highest number of essential eochaperanes. Data 
‘at from (223,127). 


‘drug guanabenz has the additional effect of 
atesuating translation by maintaining eukaryotic 
translation initiation factor 2 alpha (P20) in its 
Inactive, phosphorylated state (173, 12), which 
‘mimics the transient inhibition of translation 
‘upon unfolded protein stress, By contrast, certain 
‘neuronal cells ae highly sensitive to translational 
attenuation (17), and the pharmanologic reversal 
‘of 1F2n phosphorylation has been shown to imn- 
‘prove cognitive memory in mice (175-178). Nu- 
merous small-molecule compounds have been. 
Aeseribed that activate cellular stress response 
pathways and reduce the aggregation of disease 
‘rotsins or enhance their clesrance by inersing 
cduaperone levels (13, 179-18). A key roe in ag: 
‘regation prevention and aggregate dissociation 
{is played by the Hsp7D machinery, as shown by 
‘overexpressing single or multiple components 
ff the system in cellular and animal disease 
‘models (124, 154, 182, 288) Finally, activating 
the UPS or inducing autophagy with small- 
molecule compounds can entanee degradation 
and reduce aggregate load (284, 185). Much ex- 
étement has been caused by the recent devel- 
‘opment and approval of the first proteostasis 
‘modulator compounds for speefc proteins. These 
fncude therapeutics for qtic Abrosis that spe- 
‘aly target the folding and tracking defect of 
‘mutant CFTR (86) and drugs for the treatment 
of transthyretin amploidoses, fatal aggregation 
dliseases chamacterized by progresive neuropa- 
‘thy and cardiomyopathy (57. 
Conclusions 
Sinee the emengenee of the molecular chaperone 
‘concept more than two decades ago, dramatic 
progress hus been made toward understanding 
protein folding in vivo and how eels maintain 
‘proteome balance. Tae resulting fe e exerting 
4 major in luenee on several other ares, from 
basic biology to medicine. A mumber of intriguing 
‘questions remain, however, regarding both the 
‘mechanism of individual chaperone machines and 
how th tions are enorinated within the PN, 
From a mechanistic perspective, it remains 
‘undlear how exactly the major ATP-dependent 


‘will require detailed molecular descriptions of 
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the folding pathways of spective sient proteins, 
For example it wil be fascinating to discover 
‘why the eukaryotic chaperonin TRIC can fold 
proteins ike actin an tubulin, which the bac 
terial GroEL/GroBS is unable to handle. The 
‘contribution ofthe mbosome to protein folding 
{sane intriguing subject of current esearch, 
Going forward, i ill be important to learn how 
the environment ofthe ribosome exit channel 
affects the energy’ landscape of cotrinsational, 
folding and whether this effect is a generic 
feature of folding in vivo. The confinement of 


age, and the two 
systems may influence folding in similar ways, 
albeit for proteins of vastly different sizes. 

‘The interactions among different chaperone 
systems and other components ofthe PN remain 
Jnngely unexplored. In particular, ite is known, 
about how chaperone systems respond to in- 
creased load due to proteotnee stress, and how 
calls achieve an optimum balance between if. 
ferent chaperone activities (eg. folding versus 
holding and aggregation prevention, or transfer 
to the dogradation machinery). The crosstalk. 
between compartment specific stress response 
pathways is another area of interest. holistic 
understanding ofthe PN will be vital to future 
attempts to manipulate its activites pharma- 
‘ologitally and should offer new opportunities 
to treat the wide range of diseases associated 
‘with declining proteastasis. 
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RETINAL REPAIR 


Immune modulation by MANF 
promotes tissue repair and 
regenerative success in the retina 


Joana Neves, Jie Zhu, Pedro Sousa-Victor, Mia Konjikusie, Rebeceah Riley, 


‘Shereen Chev, 


Yanyan Qi, Heinrich Jasper, 


INTRODUCTION: Regenerative therapies 
based on cell replacement hold promise for 
the treatment of a range of age-related degen: 
‘erative diseases but are limited by unfavorable 
mleroenvironments in degenerating tissues 
A promising strategy to improve success isto 
harness endogenous repair mechanisms that 
promote tissue integrity and function. Innate 
lmmune cells are central to sueh repair meek: 
anisms because they coordinate local and sys 
temic responses to tissue injury by secreting 
inflammatory and antiinflammatory signals 
ina context-dependent manner. A proper bal- 
ance between these opposing phenotypes of 


Deepak A. Lamba’ 


‘nate immune cell is essential for efficient 
tissue pais, and immune modulation may be 
an effective way to promote repair and enhance 
regenerative therapies. Here, we identified a 
new evolutionarily conserved immune mod- 
latory funetion for mesencephalic astrocyte 
derived neurotrophic factor (MANF) that biases 
immune cells toward an antiinflammatory 
phenotype, thereby promoting tise repair in 
both vertebrates and invertebrates and en- 
hhaneing retinal regenerative therapy. 


RATIONALE: In Drosophila, interactions be 
tween damaged tissues and hemocytes are 


Evolutionary conserved mechanism of retinal repair 
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Delaying retinal degeneration Improving regenerative therapes 
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Restoring visual function 


MANE in retinal repair in Drosophila (lt) or mouse (right), the damaged retina secrotes PYAl/ 
PDGF, which acts on inate immune eal, MANF dered from inate nrmune cals (and other 
sources) promates phenalypic changes in immmure cells as part of a mechanism required for tissue 


repat. Therapeuticaly, MANF supplementation can delay retinal degeneration and improve the 
cess of cellreplacement regenerative therapies inthe retina, 
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ential for tissue repair: We used this model 
to identify menune eell-derived factors with 
immune modulatory activity that promote 
tUssue repalr after retinal injury. The ident 
fication of MANE as such a factor prompted 
us to test its role in mammalian retinal re- 
pr and ask whether its immune modulatory 
activity helped cell replacement therapies in 
‘degenerating retinas. 


RESULTS: Using 2 combination of transcrip 
tome analysis and genetic studies, we iden- 
tised MANF ava hemocytederived futor that 
Is induced by platelet-derived growl factor 
(PDGF)- and vascular endothelial growth 
factor (VEGF)-related factor 1 @PvE2)/PDGE- 
and VEGE-receptor related (PvR) signaling, 
MANF was necessary and sufficient to pro 


smote retinal epair after 


ultravilet-light-induced 


fea te ul stole fein njury in Dros 
Mthitavidecol-MANPalso had an auto- 
ong/01126 ‘rine immune-modulatory 


solenceasi3645 funtion in Hy hemoeytes, 
whieh was necessary for 
LAs ssue repadr-promoting activity. This reg 
ulation and function of MANE was evolu: 
tionarily conserved: Mouse photoreceptors 
‘expressed PDGF-A (a PvE homolog) in re 
sponse to damage signals, which promoted 
MANF expression in innate immune cells 
This PDGE-A/MANF signaling eascade was 
required to limit photoreceptor apoptosis in 
the retina. Exogenously supplied recombinant 
[MANE protected photoreceptors in several pa 
radigms of retinal injury and degeneration 
Asin Mies, this prorepalr funetion was asso. 
‘lated with alternative activation of macro 
phages and microglia in the retina. Ablation 
‘ofCD1D' immune eels and deletion of CCH, 
2 chemokine receptor required for MANE. 
Induced alternative activation, prevented MANE. 
Induced repair. Ths, the protective effects of 
MANF in retinal injury rely on its immune 
modulatory activity. Finally, MANF supple 
mentation to photoreceptors transplanted into 
‘congenitally blind mice inereased Integration 
efficiency and accelerated and improved visual 
funetion recovery 


‘CONCLUSION: Combining genetic studies in 
invertebrates and vertebrates has rapidly iden- 
tified factors with promising therapeutic po 
tential, Immune modulation is a promising 
strategy to optimize regenerative therapies. 
With its conserved immune modulatory func 
tion, MANF isa particularly promising molecule 
that i likely tobe useful forthe twatment of 
Inflammatory editions in many different dis 
‘ese contents 8 
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RETINAL REPAIR 


Immune modulation by MANF 
promotes tissue repair and 
regenerative success in the retina 


Joana Neves, Jie Zhu, Pedro Sousa-Victor, Mia Konjikusic, Rebeceah Riley, 
‘Shereen Chew, Yanyan Qi, Heinrich Jasper," Deepak A. Lamba’ 


Regenerative therapies are limited by unfavorable environments in aging and diseased 
tissues. A promising strategy to imprave success is to balance inflammatory and 
ant-inflammatory signals and enhance endogenous tissue repair mechanisms. Here, we 
identified a conserved immune modulatory mechanism that governs the Interaction 
between damaged retinal cells and immune cells to promote tissue repair, In damaged 
retina of fles and mice, platelet-derived growth factor (PDGF)-like signaling induced 
‘mesencephalic astrocyte-derived neurotrophic factor (MANF) in innate immune cells. 
MANF promoted alternative activation of innate immune cells, enhanced neuroprotection 
‘and tissue repait, and improved the success af photoreceptor replacement therapies. 
Thus, immune modulation is required during tissue repair and regeneration. This approach 
‘may improve the efficacy of stern-cell-hased regenerative therapies. 


generative therapies based on eal re. 
placement hold promise fr the treatment 
fa range of age-rlated degenerative dis- 
cases (2). Moreover, aged and diseased 
tissues provide a poor microenvironment 
for integration (8)-A eas in point is attempting 
to regenerate the vertcbrate retina a tissue where 
‘endogenous repair mechanisms are inefficient 
land that is subject toa variety of irveversible 
fagerelited degenerative pathologies. Human 
pluripotent stem cells can provide a virtually 
unlimited souree of photoreceptors and retinal 
pigment epithelial (RPE) cells for replacement 
and restoration of vision (), yet the poor in 
tegration efficiency of transplanted cells into 
tHe host retina fs limited clinical applications, 
Retinal diseases targeted by ths therapeutic ap 
proach, such as age-related macular degeners 
tion or retinitis pigmentosa, are characterized 
by microglial activation end proinflammatory 
microcnvionments (5-9) that will negatively 
affect integration and repair (3,10) 

Microglia, monocyte-derived macrophages, 
and other innate immune cell types ean both 
promote and resolve inflammation, Managing 
‘these inflammatory response is essential fr ts- 
sue repair and regeneration (1). In the central 
rerwus system, resident (microglia) and inva 
ing innate immune cells orchestrate complex 
response to damage aimed at restoring tissue 
integrity but ean also promote damaging neuro- 
inflammation (12-15). This antagonism is at 
least in part a consequence of different states 
‘of immune cell activation, Classical or Ml act 


*Corespeding ata Ent esperar (H) 
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vation is associated with proinflammatory can- 
titons that can cause tissue damage, whereas 
lkternative or M2 activation is associated with 
resolution of inflammation and tissue repair 
(U6, 17), This M/M2 paradigm has been used 
to describe outcomes of in vitro perturbation 
of macrophages, yet there is evidence that mac- 
rophages in vio ean adopt sinilar phenotypes 
and functions (28,29). Beeause of these opposing 
effects of different immune eel phenotypes, mt 
‘mune modulation rather than immune suppres 
sion may be an effetive way to pramote tissue 
repair and improve regenerative therapies. 

‘Studies in Drosophila have substantially ad- 
vanced our understanding of tissue repair and 
regeneration in metnzoans (20-22). This work 
tas highlighted the critical role f the interac- 
tion between hemocytes (Drasopla blood cells 
‘with macrophage-like activites) and damaged 
epithelia in the repair process. Hemocytes are 
activated in response to tissue damage und eo- 
‘ordinate localized and systemic repair responses 
(23-26) but have also been implicate in inflam 
mary processes in fes (77). productive model 
for the genetic dissection of tissue and hemoeyts 
Interactions in repair processes isthe pupal ret- 
ina, which responds to ultraviolet (UV) damage 
by inueing photoreceptor apaptsis in a dase 
dependent manner (25, 29). A paracrine inter- 
sction between UV-damaged photoreceptors and 
hhemoeytes through the platelet-derived growth, 
factor (PDGF)-and vascular endothelial growth 
factar (VEGE)-related factor 1 (PvE) and FDGF- 
and VEGF receptor related (P¥R) pathway go 
cms repair of the damaged retina: Damaged 
photoreceptors seerete PvF1 and activate PVR. 
in hemocytes, promoting repair of UV-induced 
tissue damage (Fig. 14) 20), 
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We performed RNA sequencing (RNA-seq) 
‘on salted hemoeytes to identify PRdependent 
genes encoding scereted proteins that were in 
‘duoed after epithelial damage (fig. Sand table 
SI) Mesencephalicastroeyte<erived neurotrophic 
{actor (MANE) was found inthis srcen and, based 
‘on is evolutionarily conserved neurotrophic ac- 
tivity (80-82), we decided to explore its potential 
asa retinal repair factor 


Homocyte-derived MANF Is activated 
downstream of PVHI/PvR paracrine signaling 
to promote retinal repair in Drosophila 

‘We confirmed that MANE is expresied in fly 
innate immune cells (hemoeytes) using immu 

nohistochemistry of hemolymph smears from 
late second-instar larvae (Fig. 1B, lft)-In these 
smears, hemocytes were identified by green 
Auarescent protein (GFP) expression driven by 
the hemooyte-specifc driver homolectin:Galt 
(Himla-Gald) (83), MANF was aso detected by 
‘immunoblot in the plasma fraction of the hemo- 
Iymph, confirming its seeretion (Fig 18, right). 
Consistent with the RNA-seq data reverse tran- 
scription and real-time quantitative polymerase 
chain reaction (RT-qPCR) analysis revealed that 
(MANF mRNA levels were significantly bigher 
fn hemocytes from UV-treated larvae compared 
‘with untreated controls (Fig. 1C et) and that 
this induetion was PVR dependent (Fig. C, right, 
and figs. SIC and S24). Overexpression of 
fel in the retina [using GRGal4 (glass mul- 
timer reporter) (34) as a driver] was sufficient 
to induce MANF mRNA specifically in hemo 

cytes, in the absence of damage (Fig. 1D, left) 

and was accompanied by a significant increase 
in MANF protein in the hemolymph (Fig. 1D, 
right, and fg. S28) 

Flies overexpressing MANF in hemocytes 
(fg. S2C, lo) showed significant tissue preserva- 
tion aer UV exposure, even after PVR knockdown, 
‘in hemoeytes (26) (Fig IE, left and mide, with- 
out feting Pt! dal efieney S28) 
“This practi att of bemeytedesived MANE 
‘was further confirmed in tv genet medels of 
retinal damage inwhich degeneration is induced 
bby retinal (GM drives) overepresion ofthe pro- 
apoptotic gene grim or of mutant Rhodopsin, 
(in) (45, 30) (ig. $2, D and E, 

Null mutations inthe man gene (manf” 
anid manf""*) (31) are homozygous lethal at 
‘arly isinstar larval stages, yet MAN hietero- 
_ygotes [which express significantly lower levels 
‘of MANF in hemocytes compared with wildtype 
(fig. $2) hd a signifianty increased tissue de- 
‘generation response to UV (Fig IF, gray dots, 
anu ig. $2G). This inerease in tissue lass could 
be rescued by MANF overexpression in hem 
cytes (Fig. 1F, black dots) and was reapitulated 
bby hemoeytespecfic knockdown of MANE (Fg. 
2, right, and fi, S2C, right). 


MANF has immune modulatory 
properties that are required for retinal 
repair in Drosophila 

“The protective ffet of hemocyte-derived MANF 
could be caused by direct neuroprotective activity 
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‘of MAN om retinal cells oF cot reflect an in 
direct ett of MANE on the micrmemvironment 
of the damaged retina. To distinguish between 
‘these posites we investigated wisether MANF 
‘ould influence hemoeyte phenotypes Hemorytes 
an acquire lamellogte phenotypes, character. 


Fig. L MANF is a hemocyte-derived damage 
response factor and promotes retinal repair in 
Drosophila. (A) Experimental design and current 
made! for hemecyte-meciated retinal repair in 
Drosophila. (B) (Left) Rpresetaive mage of hemo 
cyte smears from third instar larvae (HmiGal 
LUAS:GFP) detactng MANF (4) in ml>GFP" ca, 
GFP green 6 lamina 2 phenyindol (DAP), 
blue. Scalebar Sym. (Right) Wester bot analyss 
‘of MANF and GFP proteins in cellular and plasma 
fractions from hemolymph of thechinstar larvae 
(Fils: Gal UAS:GFP), (6) Relative mANA levels 
of MANF detected by RTEGPCR in hernacyte sam 
ples collected from thir: instar larvae af the de: 
sigrated genotypes and treatments (0.25 for ll 
‘onations),FarUV treatments arae Were peed 
to 50 mJ! LUV at secon nstar stage and hemo: 
cytes calected 24 hours after (D) (Let) Relative 
RNA loves of MANF dtected ty RT-qPCR In 
hemocyte sarees collected rom third instar ar 
ae overexpressing Pvt in the retina (n= 5 forall 
conditions) (Right) Western bot analysis of MANF 
(irtracelular in hemocytes and secreted ina the 
hemolymph) ard actin (intracsluar in bamocytes) 
proteins In whale hemolymph collected from 
thirst larvae overaxpressing Pinte retina, 
(otto) Average relative kel f MANF in whole 
hemalymph samples normalized to actin, (End F) 
(Left) Representative images of adult eye pheno 
types trom fies withthe designated genatypes, 
after exposure ofthe ight eye of P24 pupas to 
V75 ml of UV light. ight, average relative size 
af the UVitreated eye when compare tothe un 
treated eye of the same fly (6 < 9 <17 for each 

enalype each dot represents one). Feral quan: 
titeations err bars represent SEM and P values 
are rom Student’ test 
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tae by don relief planner 
(emolectin and hemese) and expression of Atl 
protein (37, during sterile wound healing (38). 
‘These phenotypes corelate with hemoeyte acti- 
‘ation and may inflaence tsa epaircopablties, 
and we recapitulated them in our UV damage 


‘paradigm (Fig. 24), Overexpression of MANF 
in hemoeytes in vivo or treatment of hemo- 
cytes in eure with human recombinant MANF 
(heMANE) significantly increased the proportion 
of lamelloeytes in hemocyte smears, as detected 
by Atilla expression (Fig. 2A), This correlated 
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‘with adeerease inthe proportion of ells express- 
ing GFP driven by Hmla:Galt and a deerease 
in fond transept (Gg. SIA) Furthermore, MANF 
‘wae necessary and sufficient to induce the 
Drosophila womolog ofthe mammalian M2 marker 
‘rginase! (are) (30)in hemocytes (Fig 2B and fig 
‘SUH, sungesting that these eells may be able to 
‘acquire phenotypes similar to alternative activa- 


tion (6,17). Most MANF-expressing hemocytes 
also expressed Ang suggesting that there is an 
‘association between MANF expression and M2 
like activation of hemoeytes, 

To determine whether MANFs immune mod 
‘latory function i required for etna repair, we 
assessed retinal issue preservation in eonitions 
in which hemocytes express and secrete high 
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of hemocyte smears fram thc instar larvae of the designated genotypes 
and treatments detecting Ati protein inred, Hn cells are identified by GFP expression. green: DAP 
blue, Scale bar 5pm. For LV treatments. larvae ware exposed to 80 ml of UVat the second instar stag 
nchemacytes were collected 24 nous later. In (A) alanalyses were performed aftr 24 hur ult 

ontrol macia [wi ype (WT) UV 50 ml, ard LAS-MANF or media supplemented with hyMANF pr 
tein in (C) hemacytes were assayed directly after calecton and were nat cultured (mages ard lft 
raph) or assayed asin (A) (right graph). Percentage of Ail’ eels n the hemocyte panulation co 

fd fom thrd:instar are ofthe designated genolypes and treatments is shown (0 = 3 for 

otype/treatment),(B and D) lative mRNA levels of Arg dtectes by RT-qPCR in hemeocyte samples 
olete trom the nstar larvae othe designated genotypes (n= 3 for all concitions).(E) Representative 
images of adult eyes rom fes with the designated genotypes afer exposure atthe ight eyeafP24 pupae 
{2175 mJ of LV ght. Right, average relative sm ofthe UV-treated eye when compared t the untreated 
year the same ty (5 <n <20 foreach gerotyps ech dot represents one), Forll quantifiatons, error 
bars represent SEM and P values ae fram Students test RNAS) add RNAI) correspond to 0 
independent double-stranded RNA interfrence-expressing lines targeting Kal 
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levels of MANF but sre unable tobe activated 
in response to this signal. We generated such a 
contlition by overexpressing MANF in the ab 
sence of Kdel receptors (KdolRs). In human el 
KielRs modulate MANF secretion and cell sur- 
face binding Intracellular Kell prevents MANE 
secretion, whereas cell-surface-bound KdelR 
promotes binding of extracellular MANF (40) 
Knockdown ofthe one Drosophila KéelR homo- 
log (41 in hemoeytes resulted in a significant 
induction of MANF transcripts and the detec. 
tion of MANF protein in the hemolymph (fig, 
‘9, Cand D). suggesting that KdelR depleted be- 
rocyes secrete high levels of MANE. In these 
hhemoeytes, MANE-induced lamellocyte form 
ton and Ang expression were significantly de 
creased (Fig. 2, Cand D), Hemocyte activation 
by extracllolar MANF is thus impaired after 
KilelR knockdown. This genetic perturbatian 
also resulted in significant enhancement of UY: 
induced tissue Ins, which eau nt be rescued 
by MANE overexprestion (Fig. 2). Thus immune 
rixiulation by MAN is etic for tse reat 


Damage response-associated 
PDGF-A/MANF paracrine signaling is 
conserved in mammals, 


-MANF is an evolutionarily conserved protein (3, 
and ve sought to explore its regulation and its 
potential to allay retinal degeneration anim 
prove retina repair in vertebrates. We used foal 
‘exposure of the central retina af CS7BL/6 mice to 
8000 lux of bright light for L5 hours to induce a 
retinal innate immune response without general 
ined photoreceptor apoptosis [CS7BL, mie xrry 
protective variant ofthe Ape gene, preventing 
‘eresive retinal damage in response tolight (42) 
“This protocol resulted in a moderate and tran- 
sient increase in the presence of innate immune 
cll inthe etna (Fig. 3 and fg Si, A and) 
PDGE-famnily and VEGF family proteins are 
the mammalian homologs of Drosophila Pf 
type ligands (48, 44), and we detected PGE 
A-expressing ells in the neural retina 6 hours 
after light exposure (Fi. $8). The induetion of 
PDGF-A was followed by a significant inerease 
in MANF transerpts (Fig. 30) and the detection 
‘of MANE" innate immune ell, identified by 
CDib expression 45,4) in the viteous (Fig, 3D 
and i. $44, 12 hours). Resting microg, local: 
ize tothe plexiform layers [inner plexiform layer 
(QPL, and outer plexiform aver (OPL}| in control 
retinas, didnot express MANF (Fig. 9D, no light 
‘exposure. Tirysix hous late, MANF" innate 
immane cells were found within the outer mt 
dear layer (ONL) (ig 8D and fg S44, 86 hours). 
“This innat immtane cell activation and/or ecru 
ment was also accompanied bya redistribution 
‘of MANE protein from the ell bodies of Miller 
aa [where itis detected in control conditions in 
the inner nuclear layer (INL) to glial processes 
(identified by staining against gil ibilary ack 
ic protein) (gC) Microglia and/or macrophages 
recruited and/or activated afte light exposure 
cespressed reduced levels of MANF when PDGF 
‘signaling as inkubited using neutralising ant 
bodies against PDGFRe (47) (fig. St, D und E). 
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Fig. 4. MANF-dependent immune modulation mediates retinal neuro- 


1 day after intravitreal jection of mePDOGF:AA or vehicle (mi 


IGF-AA, n= 5; 


protection, (A) IHC showing expression of CDIIb MANF. and Yl in P28 PBS, n= 6; thee sections per eye: each dat represents one animal). See sa 
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‘ach dot represents one animal). (ij 
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Conversely, intravitreal injection of mouse recom 
binant PDGF-A (mePDGE-AA)signifieanty in 
‘creased CDI" innate immaune cells in eves inthe 
ahsenee of ight exposure (Fg. 3). These CDI 
cells also expressed MANF and were found in 


6 fve sections per aye: each 

(MANE. 1 = 6 PBS, 26: 

zt) (G) (Left) Average number of Arg’ cells per 
intravitreal ect 


tage of 
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exposire af COLDOTR, 
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oqen 
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sect 


the vitreous Fig AF right arrowheads) and the 
choroidal blood vessels (Fig 4; le, arrowheads). 

Reduction of PDGFRa signaling or MANF levels 
[in hetersygoes forall all (48) sinifcant- 
ly enhaneed photoreceptor apoptosis [detected 


of MAN agerumberot TUNEL” nucle s shom{(G) Nolight PES, 
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SNA pool [(F).n =], See alsa fig SO. (@ and) TUNEL 
raviteal injection of rMANF or vehicle (PRS) ard at 
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by termina doosyuceotil transferase meds 
deoxyuridine triphosphate nick end labeling 
(TUNEL}] in response to light exposure Fi. 3, 
and H), Homucyotes for this MAN allele are 
‘embryonic or perinatal lethal 48), Reduction of 
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Fig. 5. MANF enhances the efficiency of retinal regenerative therapies. 
(A) Cartoon representing the ranscornea subnet nection meth, (BI 
showing expression of Clb, MANE. and GFP at an intgration st of Nr-GFP 
donor phatoreceptors 1 week after transplantation (G) Average number ot 
MANF'CDIIB cals/feld in integration sites versus sites of no integration 
felds per condition: ll elds contained cells n the subretinal space: 
ach dot repent tin into WT (n= 
Byorcxacrl” (n= ion, 7 days after 
receptors (PhR). Each dot rep 
s7BL/G mice, a 
lyzed by IHC for GFP expression, 7 days ator subretina injection of NF- GFP 
donor photoreceptors (Ph) supplemented wits hMANF pater (= 10, PI 
'b= 7. al)or vehicle (PBS) (n=8.P7 and Pl: =9,P2)-Each dot represents 
ane animal. See alsa fig. SBA for representative images of P21 trarspiants 


MANF expression in bone marrow-derived mac 
rophages(BMDMs) ofthese mice was confirmed 
hy REGPCR (fg, SF). 

‘Damage signals from retinal cells thus engage 
‘conserved retinal repair response in both is 
and mice that involves the Pv/PDGE-mediated 
reerutment/activation of MANF-expressing in 


To determine whether 


aaft646-6 suLr 


‘te fmmune els od that essential to prevent 
excessive apoptosis in response to ight. 


MANF has a conserved neuroprotective 
funetion in the mammalian retina 


rcntation would be sufficient to ameliorate ret 


Weak2 Weeks Weak 
(fF Representative images and quantification of inegration in WT (0 = & 
are a Fig. 50) or Cra mic, analyzed by HC fr GFP expression. 7 ays 
ater subctial injection of P7 Nr.GFP donor photaeceptors (PHA) supple 
mented with iyMANF pratein (HMANF. n= 4) or vehicle (PBS, n= 4). Each 
Gat represents ane animal. (@) Examples of ERG waves obtained in MANF- 
supplemented (blue) and PRS-sunplmantad (black) transplants of P7 Nd 
GFP Ph in Cra" mica. (H) Maximal b-wave amplitudes measur 
to 4 Weeks after subrtinal injections af P7 Nri-GFP Phs supplemented 
vith MANF (n= 3to 7 at each time pot), PBS (9 = 4 a6 at each me pont) 
and of ees that de net receive a transplant (2 = 6 to 10), alin Cra" hos 
Each dot represents ane anal. See aso fig. SEB orb vaves after MANFar 
PRS injection without cells an ig, SEC for b waves af WTeyes.P values are 
from a two-way ANOVA analysis. Fer all quantiications,eror bars represent 
SEM, P vas in(C) to (F) ae ram Student's tat 


jebars, 20 pr, 


inal degeneration, we used the light-sensitive 
BALB/c strain, whic lacks the protetve variant 
ofthe pe allele, rendering them susceptible to 
Tight induce retinal damage (49) This phenotype 
ieacsumpanied by activation of proinflammatory 
ricrogia and by chemokine produetion that moxd- 
utes photoreceptor degeneration (49), Exposure 


MANF protein supple- 
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es e” cuane ( > 
lO 
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me Fig. 6. Mode! forthe evolutionarily conserved immune modulatory fune- 


‘tissue repair 
regeneration 


‘ofthese mice to 5000 lnc of right light for 1 hour 
resulted in photoreceptor apoptosis (Hg: S4G) 
In addition, we used two genetic models of ret 
nal degeneration (Cra, a slow model of 
genetically induced retinal degeneration, and 
Fes, a fast model of genetically induced 
retinal degeneration) whase dynamics of photo- 
receptor loss have been previously described 
(50-22). 

‘We injected heMANF protein or vehide 
Inhosphate- buffered saline (PBS) into the vit 
reous immediately before light exposure or at 
the onset of retinal degeneration [postnatal day 
14 PH) for Cra" mie and P7 for Pest 
rice] and evaluated photoreceptor apoptass by 
‘TUNEL. MANF injettion significantly reduced 
apoptosis in all three models of retinal degen 
eration (Fig. 1 and fig 5, A and B). As photo 
receptors degenerate the number of nuclei in 
the ONL is reduced, and in Cr?" mee there 
are on average five to six rows left at P21 In 
MANE treated eyes, there was a significant pre 
scrvation of photoreceptors inthe ONL (fi S50), 
Sugestng that inhibition of spoptosseetvely 
slows retinal degeneration inthis model. Similar 
results were observed inthe Pot? mcs mo 
cl analyzed 5 days after intravitreal delivery of 
MANE (fig $5, D and E) 

Finally we asked whether a persistent source of 
MANF could farther delay retinal degeneration in 
(G2 mie We infected human frosts (hi) 
vith a lentvins driving the exmesson of a fime- 
tional MANE.GEP fusion protein (40) MANE-GEP 
‘expression could realy be detected in thes fi 
hroblasts and in the media supernatant, confirm: 
ing thatthe fusion protein was efficiently secreted 
(fg $5, Fand ©). When MANF-seercting fbrobasts 
‘were inetd into the vitroous of PH Cr" 
nce, their retinas degenerated more slowiy than 
‘control fibroblastnjected retinas, and a signif- 
‘ant amount of photoreceptors were preserved in 
the ONL (Fig 8). Survival of injected fibroblasts 
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‘on of MANF and its impcation in tissue repair and regeneration, (A) In 
rosea (ett) or meuse (ng), the damaged retina secretes Pv11/POGFA, 
\which acts on inate immune cels—hemecytes in Dresephila or micrafia? 
macrophages in mice. MANF derived fram innate immune cals (or ether 
sources) promotes phenoty 


hanges~atila and arginase expression in 


hemocytes oF alternative activation of micragla/macraphages-tihich are 
part of the mechanism invohed in tissue protection. (B) MANF supplementation isan enhancer of retinal regenerative therapies by increasing the integration 
fieency of exogenously sunpled ahotarecaptrs fr rtinal repair 


vas coofirme! at the time of anajsis (2 weeks 
after injection) by detecting the presence of GFP 
expressing eliular aggregates within the vitreous, 
‘MANF ean thus prevent photoreceptor apo- 
plosis broadly and delay retinal degeneratin, 
independently of the damaging stimulus, 


MANF-dependent modulation of 


Immune cell phenotypes mediates 
retinal protection 


After intravitreal injection of MANF-seereting 
‘Sbmblasts MANE" innate immune cells DU") 
ould be detected in the vitreous of Cre 
mice (Fig. 4, top panel). These CDUb* els with 
ound morphology also expressed markers f al- 
tema activation (15,17) (Fig 4A, bottom panel, 
and Fig. 4 le; Sbroblasts injected into the 
vitreous were detected by GFP expression at 
the time of dissection and were completely r= 
moved along with the lens) Intravitreal delivery 
Of hiMANF had similar effets on innate im 
mune cell phenotypesin Cre" (Fig. 4B, ight) 
and light damaged retinas (Fg. 4C and fig 6A), 
Supporting an immune modulatory fanction for 
-MANF. Accordingly the recruitment of MANF™ 
innate immune cells in response to PDGF-A 
treatment (Fig 8, Eand ¥) was aecampanied by 
a significant increase in the number of CD15” 
calls colabeed with Yin" ig. 4D and fig SOB). 

‘The innate immune ell population reruited 
after MANF delivery was mostly composed af 
rmonoeytes and monocyte-derived! macrophages 
(60 to 80%, identified by F4/80 oF CDSS expres- 
sion) Ly6-G' (Gr-1") neutrophils represented 
fhout 15% of the population. The majority of 
both macrophages and neutrophils (80%) ex- 
pressed MANF and Arg, suggesting that MANF 
expression is associated with markers of alter- 
native activation (fg. S6C), similar to what we 
observed in fly hemocyes (Ei, S38) 

‘In vito stimulation with hrMANF for @ hours 
vas also ficient to Sndace markers of altern 


tive activation (Ang! and Yin) (16, 7) and 13, 
an antiinflammatory tokine (3, in EMDMIs 
(Pig. and ina macrophage el line [RAW26K7 
(G8) (fig 87, A and 8), Silencing of MANF with 
‘targeting small interfering RNA (SIRNA) pool 
‘thi el line resulted in the repression ofthe 
same set of genes (Fig. 4). Ths suggests that 
[MANF has a direct immune modulatory fun 
tion in macrophages and that atleast part of 
the mechanism is autocrine 

"To determine whether immune modulation 
by MANF is required for its neuroprotective ac- 
tivity, we assessed retinal damage afer Hight ex 
posure and afer MANE supplementation in mice 
‘with impaired immune cel function, We depleted 
macrophages and microglia using diphtheria 
toxin (DT) administration in CDUb:DTR mice 
(5, 56) DI, but not sham (PBS), injection re- 
sulted ina significant reduction inthe number of 
innate immune cells in the retina (Gg, S70) and 
{induction of photoreceptor apoptusisin response 
tolight exposure (Fig 4G) Intravitreal supplemen- 
{ation of hrMANF protein did not significantly 
reduce photoreceptor apoptosis in these mice 
(Fig. 4G), supporting an essential role for im- 
mune cell in mediating the protective effets 
of MANE. 

‘We futher used mice deficient in Cr (57,58) 
to test the requirement of immune modlation 
for the protective effects of MANF. Here, we 
aimed at generating a condition in which im 
mune cells were present but failed to induce 
alternative activation in response to MANF sig- 
naling, similar to KdelR deficiency in es. CICA 
is a chemokine receptor expressed in diferent 
‘immune cell populations ineluding retinal mi- 
croglia and peripheral monocytes (58). High 
‘CxSCrl expression has been associated with a 
functionally distinet class of monocytes with 
immune patrolling activity and with a molec. 
‘ular profile of macrophage differentiation re 
sembling alternative activation (28, 2), Lass of 
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(Cx9CP1 results in retinal degeneration in re 
sponse to several stimuli and is associated with 
proinflammatory activation of immune cells 
(2, 14, 59). Thus, we hypothesized that loss of 
(C<3C4 coud be an effective way to impair MANE. 

induced alternative activation. Indeed, BMDMIs 
derived from CxCrl-deficent mice filed to i 

‘duce genes associated with alternative activation 
‘upon MANF stimulation (Fig. 4), despite ex 

pressing normal levels af MANF (fig. ST, D and 
E). Light induced photoreceptor apoptosis in 
(CxaCrl-deficient mice could not be rescud by 
intravitreal delivery of brMANF (Fig. 1), sug 

gesting that itis not only MANE derived from 
macrophages that mediates the protective of 

focts but rather a more complex mechanism 
‘that depends on MANE immune modulatory a 

tivity. We eannot exude, however, that Cx3Cr1 
deficiency may also result in other alterations 
‘that contribute tothe loss of protective effets of 
‘MANF observed in these conditions, which may 
be independent of macrophage functions. 


MANF promotes cell integration and 
restoration of visual function in the 
‘mammalian retina 


Retinal repair by transplantation of mouse and 
human photoreceptor precursors ean restore 
vision in mouse models of retinal degeneration 
(G0, 61). Integration efficiency depends on the 
“ontogenetic stage of donor cells (60) and onthe 
status of the degenerative microenvironment 
(62) and neyatively corelates with the presence 
‘flasscally activated macrophages within the 
‘retinal tissue (63) We injected photoreceptors 
derive fom Ns GFP mie subretinaly into ye 
type retinas and found that microglia and/or 
‘macrophages leated at sites of integration ex 
pressed MANF, suggesting a possible role for 
MANF-mediated immune modulation in pro 
toting integration (Fg. 5, Ato C). Supporting 
this hypothesis, integration efficiency was si 
nificantly reduced in Cx3Cr1 mice (Fig. 5D) 

‘To further test this hypothesis, we asked 
whether MANF supplementation would in 
‘reas integration of subretinal-delivered photo- 
receptors derived from Nr-GEP miee into a 
wild-type host. Integration efficiency declines 
‘lh ineeased maunty of net paotoneceptors 
(60,68), Accordingly, we observed a strong de 
cline in integration eficieney (assessed 1 week 
after injection) when using P21 ratherthan P7 or 
Ub photoreceptors in a lyme hast (Fig. SD 
hMANF supplementation rescues this decline 
‘while having no effect on Pid cells Fi. SEand 
fig. SSA), suggesting that MANF may act either 
siretly on refractory photoreceptors to improve 
their integration capabilities or indirectly by 
inducing a more supportive environment for 
such cells, 

"To distinguish between these possibilities, 
‘we tested the effects of MANF of integration 
cffcency in degenerating retinas. The inflam 
ratory mierenvironment in degenerating re 
nasi likely ease for poor integration efficiency 
(62) and thus a eritical limitation in clinical 
sottings. We used Cr?" retinas to model 3 
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degenerating environment and found that in- 
tegration of even young (PP) NEEGEP photorecep- 
tors, which efcently integrated into wildtype 
retinas (Fig. 5E), was significantly reduced in 
(Cra retinas (Fig. SF). MANF supplementa- 
tion significantly improved integration in this 
context (Fig. 5), supporting the notion that 
(MANF improves the environment for integra- 
tion even in a disease context, 

“Importantly, MANF accelerated and improved 
restoration of visual function, as evaluated by 
maximal b-wave amplitudes measured in se- 
|quentialelectroetinogramn (ERG) testing over 
the course of 4 weeks (Fig. 8, G and H). Eyes 
that received MANF-supplemented transplants 
showed signs of ight responsiveness based ona 
detectable bevave as early as 1 week after trans- 
plantation, whereas eyes that received control 
transplants had the earliest detectable b-wave 
‘only at 3 weeks, Comparing ERG bavave ampli- 
tudes of untreated Cra?" mnie (no transplant) 
to treated mice at Ito 4 weeks confirmed & 
functional improvement in vision in the MANE. 
supplemented cohort only, whereas the PES- 
supplemented group did not significant differ 
from untreated controls, The ERG changes re 
‘ected cll integration and not an eet of MANF 
supplementation alone (ig 8B) and represented. 
a recovery of about 60% of visual function when. 
compared with normal ERG bevave amplitudes 
of wildtype mice (Fig. 5H and fg. $8). This isa 
significant improvement over nonsupplemented, 
transplants, which yield about 20% of visual fune- 
tion reaver (Fig SH and fig. SC) [sce also (6). 


Discussion 


(Our results identify MANF as an evolutionarily 
‘conserved immune modalator that plays erit- 
ical role in the regulatory network mediating 
tissue repair inthe retina (Fig. 6A). The ability 
tf MANF to increase regenerative success in 
the mouse retina highlights the promise of mod- 
lating the immune environment asa strategy 
to improve regenerative therapies (Fig. 6B) 

‘The usefulness of immune modulation for 
regenerative medicine has been anticipated 
based on studies of tissues where regeneration. 
{is sustained endogenously by resent stem cells 
(6, 1, 65-0) Our study provides strong support 
for this hypothesis. 

-MANF has previously been described asa neu- 
rwtrophic factor (30, 70,7), and it may also exert 
a direct neuroprotective effect inthe retina, yet 
tur data suggest a more expansive role: Because 
-MANF cannot promote tissue repair in les in 
‘whieh the hemocyte response to MANF is se- 
lectively ablated, or in mammalian retinas de- 
ploted of innate immune eells or containing 
‘macrophages that are unresponsive to MANE, 
‘we propose that MANF's role in promoting al: 
ternative activation of innate immune cells i 
central to its function in tissue repr. Further 
studies will be required to determine the spe- 
‘ifi contribution of lternative-acivated mac. 
rophages in mediating these effects. Althougt. 
four data point to an important role of macro- 
Dhages in mediating th effects, it does not ex- 


clude the possibility that other cll types are 
involved in the processor that macrophages’ 
funetions other than polarization may influence 
the outcome of MANF's protective effects 
Clinically, MANF may thus have a distinct ad- 
‘vantage over previously desried neurotrophic 
factors both in improving survival of transplanted 
cols dretly and in promoting a microcasironment 
supportive of local repair and integration, Be- 
‘cause integration efficiency correlates with the 
‘extent of vision restoration (6), itean be antic- 
{pated that MANF supplementation wil have 
an important effect in clinical settings. 
Further studies involving tsue-specifi knock- 
‘down of MANE in mammals will he required to 
evaluate the relative contribution of different 
‘lui and issue sures for MANF i home 
staticand damage conditions Although we found 
‘that MANF is strongly expressed in immune els, 
‘we also observed MANF expression in other ell 
‘types, in agreement with previous reports (72), 
‘Similary, the molecular mechanism involved 
{in MANF signaling remains elusive. To date, 
signal-transiucing receptor for MANF has not 
‘been identified, although protein kinase Csig- 
naling has been desribed to be activated doen 
stream of MANF (7). MANF can further negatively 
regulate nuclear factor eB (NF>xB) signaling in 
‘mammalian cells (74), and loss of MANF in 
Drosophila results inthe infiltration of pupal 
Drains with cells resembling hemocytes with 
high Rel/NF-cB activity, potentially representing 
proinflammatory, Mi-ike phenotypes (75). The 
Identification of immune cells as target for 
[MANFin our study may accelerate the discovery 
of putative MANF receptors and downstream, 
signaling pathways 
‘Because neurotoxic inflammation has been 
‘mplicsted in Parkinson's disease (7), poe 
sible thatthe protective effects of MANF inthis 
ccntext (72) are also mediated by immune mod- 
tlation, as we show here for retinal disease, 
Inded, recent reports suggest that the MAN 
paralog, cerebral dopamine neurotrophic factor, 
has an anti-nflammatory funetion in murine 
‘models of Parkinson's disease (77) and in nerve 
regeneration after spinal cord injury (76). A re- 
‘ent study has farther shown that loss of MANF 
leads to beta cel loss in the pancreas (48). Beta 
cell loss is commonly associated with chronic 
inflammation, and its thus tempting to spect 
late that MANF is broadly required in various 
Contests to aid conversion of proinflammatory 
macrophages into prorepair antiinflammatory 
macrophages Future studies wl ela the roe of 
-MANF in resolving inflammation and promoting 
‘tissue repair not only in the retina and brain but 
also in other tissues. A deeper understanding of 
‘MANFmediated immune modulation an its e& 
fect on stem cel function, wound repaid issu 
‘maintenance sts expected to hetp in the devel- 
‘opment of efectve generative therapies. 
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Accreditation of Laboratory Animal Care Inter 
national acredited vivarium ofthe Buck institte 
{or Research on Aging, in aspeeifi-pathogen-free 
‘acy in individually venated ages ona standard 
1202 light le. All procedures were approved by 
the Buck Insite Inettinal Animal Care anc 
‘Use Commitee. For detain the memset and 
lines used, se the supplementary materials (SM 


Drosophila stocks and culture 
Fry stocks were raise on standard cornmeal- 
and molasses-based food All experiments were 
performed at 25°C, Hoth sexes gave the same 
‘results in all experiments, unless otherwise de 
seribed, For details on the lines used, see SM. 


Intraocular injections in mice 
For intravitreal injection, recombinant proteins 
‘oreellsin 1 volume were injected into the right 
‘qe using graduated piled gs pipet and a wire 
plunger (Wiretrl I, §-0000-2005, Drummond 
‘Scientific Company). For detail on the test arti- 
cles injected and the procedure for intravitreal 
injections, see SM. 

For subretinal injection, dissociated GFP. 
‘expressing mouse retinal cells from the NeLGFP 
mice were transplanted into the subretinal space 
of recipient mice using the transeorneal sub 
‘retinal injection method. For details on the 
reparation of Nel-GFP cells and the procedure 
{or transplantation, see SM. 


Light damage in mice 
‘Mice were dark-adapted for 18 hours before the 


for 1 to? hours. After ight damage, mice were 
allowed to recover from anesthesia, returned to 
‘their cages, and housed in darkness until anal. 
‘odamaged contal mice were housed in regular 


Pupae retinas were exposed to 17.5 mJ of UV 
light as previously deseribed (26, 28). Second 
instar larvae were exposed to 50 mi of UV 
light as previously deseribed (25). For details 


‘Retinal sections, macrophages, and hemocyte 
smears were analyze immunohistochemisty 
(HC) and other histological methods (soe SM for 
details) and imaged using a LSM 700 confocal 
laserscanning miroseope; images were used for 
‘quantification purposes. For details on staining 
methods and quantifiation methods, sce SM. 


Electroretinogram 
ALERGs were carried out under seotopie com 


ditions using a handheld multispecies electro 
‘etinograph (HSERG, OruScence) and analyzed 
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using ERGVIEW Version 43 (OuScience). For 
setals on the procedures, se SM. 


Cell culture 
Rav 26447 macrophages (ATCC, TIB-71, lot 
61524880) and BMDMSs were used in brMANF 
stimulation experiments and MANF knockdown, 
‘experiments. BMDMs were dffertiated in cul- 
ture from bone marrow using 20 ng/ml of mac- 
rophage colony-stimulating fart (NE-CSF, Sigma, 
(MOM) for 7 davs. Raw 2647 and BMDMs were 
stimulated for ours with 1 g/ml of beMANE 
befare analysis. For details on the procedures 
and on the knockdown experiments, se SM. 


Expression analyses 
RNA sequencing and RT-gPCR were used to 
‘quantify mRNA levels, and Wester blot analysis 
vvas used to quantify protein levels. Far details 
fon the methods employed in each technique, 
see SM. 


‘Statistical analysis: 


All counts are presented as average and stan- 
dard error of mean (SEND, Statistical analysis wis 
cried out using Microsoft Excel or GraphPad 
Prism, and Students testo twosvay analysis of 
variance (ANOVA) was used to determine stats- 
tial significance, assuming, normal distribution 
sand equal variance. 
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CENTROSOMES 


A mechanism for the elimination of 
the female gamete centrosome in 
Drosophila melanogaster 


A. Pimenta-Marques,"t I. Bento," C. A. M. Lopes, P. Duarte, 


5. C. Jana, ME. Bettencourt-Dias 


INTRODUCTION: Centtioles are stall 
rmicrotubulebased cellular structures that are 
cite for eiia and centrosome assembly. Dur 
ing successful fertilization in animals, cen 
trjoles are asymmetrically inberited. Centzioles 
are eliminated from the egg and contributed 
by the sperm. Paternal centrioles organize the 
first ygote centrosome, the major mlerotubule- 
“organizing center that ensures proper mitotic 
progression and successful embryo develop: 
rent. Centrile elimination from the oocyte 
‘during development is thought to ensure cor 
reet centriole number and proper mitoss upon 
ferization and to prevent parthenoyenesis (Le. 
‘embryonic development without fertilization), 


Drosophila oogenesis, 
Enry stages Mdstages 


Late stages 


RATIONALE: Centroks are thought to be ex 
‘onal stable structures, so their disappearance 
{in oogenesis s paradoxical and the elimination 
‘mechanism remains elusive. In addition, the 
consequences of retaining maternal centrioles 
for oogenesis progression, meiosis, and repro 
duction are unclear. Here, we used Drosophila 
melanogaster oogeness to identify the molec 
‘lar mechanisms underlying centriole elimi: 
nation and the consequences of preventing it. 


RESULTS: To investigate the mechanism of 
centriole elimination, we fist looked into the 
timing and order of disappearance of multiple 
centrosome components. Each eentrosome is 


Weletiecvslon__‘Fertliaton 
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« Ee 


type 


Palo atcetosone 


Poloatcentosame Poe PACT ecressn) 


oA 


df 


(© Prrcoticlarmateral PON) gz Caiokes — GNrvecels G)Ganye 
Down-regulation of a Polo- and PCM-dependent centriole maintenance program leads to 
centriole elimination in oogenesis and successful embryonic development. In arly co 

sloges, cerns fem nurse cals mira 


tothe coo. forming a large micotubule organizing contr 
Polo and the percentrotar matrix (PCM) that surrounds centrioles are lst from the centrioles in 
‘ide and late stages, leading to centrale elimination before melaie disian, By anchoring Polo 
(and consequently PCM) tothe oocyte centrioles, centrioles are maintained throughout aogenesis 
leading to abnormal meetic and mitotic dion and consequently fale zygoie development, 
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‘composed of two centrioles and a surround 
Ing perientriolar matrix (PCM) that i impor 
tant for microtubule nucleation, Drosophila 
‘oocytes Inherit all centrosomes from thelr 
neighboring nurse cells, whieh form a large 
microtubule-organizing center. We analyzed 
multiple markers along oogenesis process and 
found that centrosome elimination occurs in 
a stepwise manner: First, eentsomes lat PCM 
‘components whereas centriole components only 
disappeared in the last stages of oogenesis 
‘before melotie division. Because Polo kinase 
is the major PCM recruitment factor, we then 
Investigated the regulation of this protein 
ln the oveyte mierotubule-organiaing center 

Polo was davwn-regulated 
in similar stages, as were 
the PCM components: We 
thus hypothesized that 


g/l, Polo i important for PCM 
ence asid85 —— guantenanae and that the 


PCM protects centrioles 
from elimination. To confirm thi prediction, 
we depleted either Polo or the PCM, ar both 
together, in Drosophila cultured cells arrested 
In phase (where centriole content maintained 
constant). In all eases, we observed centriole 
loss. Moreover, depletion of Polo in oogenesis 
Induced premature centriole elimination. 

To tes the hypothessthat Polo and the PCM. 
are critical for centriole maintenance, we eto 
pleally expressed a Polo kinase that localizes to 
the oveyte's centrioles. Expression ofthis pro 
tein prevented PCM less and maintained fune- 
tonal centrioles even during meiotic division, 
when normally they would all have been elim. 
Inated, supporting our hypothesis. Finally, we 
Investigated the consequences of maintaining 
‘entrols inthe female germ line. Retained cen 
trioles nucleated mierotubules that interfered 


with meiatie divisions, Despite this, centriole 
containing oocytes were fertilized but could 
‘only undergo very few divisions, aresting very 
carly in development 


‘CONCLUSIONS: Our study revealed that cen 
teiole stability is not an intrinsic property of 
those structures, as previously thought, but 
requires a Polo kinase- and PCM-dependent 
maintenance program. By artical maintain 
Ing this program, we retained maternal eentr- 
‘sams through oogenesis, which le to defective 
meiosis and aborted early embryonie deve 
‘opment. We propose that regulation of this 
‘entriole maintenance program is essential for 
suceessfl sexual reproduction and is likely to 
fine centriole lifespan in different tissues, 
thereby shaping the etoskeleton, 
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CENTROSOMES 


A mechanism for the elimination of 
the female gamete centrosome in 
Drosophila melanogaster 


A. Pimenta-Marques,"t I. Bento,"}}}€. A. M. Lopes, P. Duarte, 


S.C. Jana, M. Bettencourt-Diast 


‘An important feature of fertilization is the asymmetric inheritance of centrioles. In most 
“species itis the sperm that contributes the initial centriole, which builds the frst centrosome 
that is essential for early development. However, given that centrioles ae thought to be 
‘exceptionally stable structures, the mechanism behind centriole disappearance in the female 
germ line remains elusive and paradoxical. We elucidated a program for centriole maintenance 
in frat flies, led by Polo kinase and the pericentriotar matrix (PCM): The PCM is down- 
‘regulated inthe female germ line during oogenesis, which results in centriole loss. Perturbing 
this program prevents centriole loss, leading to abnormal meiotic and mitetic divisions, and 
‘thus to female sterlity. This mechanism challenges the view that centrioles are intrinsically 
stable structures and reveals general functions for Polo kinase and the PCM in centriole 
maintenance. We propose that regulation of this maintenance program is essential for 
‘successful sexual reproduction and defines centriole life span indifferent tissues in 
homeostasis and disease, thereby shaping the cytoskeleton. 


‘ome organelles are asymmetrically ier 
‘ted upon fertilization, For example, mito- 
‘chondria are provided maternally, whereas 
the paternal sperm mitochondrion i a 
tively degraded (). Centrosomes, the major 

rmjerotubule-onganizing centers (NTOCS) in ani- 

nal eels, are composed of two very stable mi 

crotubule (AT) cylinders, the centrioles, and a 

pericentriolar matrix (PCM), The PCM is indi 

pensable for centriole biogenesis and the cen 
trosome function of nucleating and anchoring 

MTs @). The number of centrioles, and conse 

‘quently the number of centrosomes i tightly 

controlled in actively dividing cells: Centriole 

duplication is coupled to DNA replication, so 

‘hatin mitosis there isone centrosome with two 

‘entrales at each poe of the mitoti spindle, ex 

suring faithful chromosome segregation. Surpris- 

ingly, centrioles are eliminated in the ooeytes af 

‘most metazoan species, andthe embryo relies on 

the centriole provided ty the sperm, which sub- 

sequently dupliates and forms two centrosomes 
supporting succes mitotic divisions (3-6, Cen- 

‘nol elimination in the eis commonly meade 

asa strategy to ensure correct centriole number 

‘upon fertilization, preventing abnormal rst em 

Ione mitosis. Moreover it also thought to p= 

‘vent parthenogenesis, because the microinjection 
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of contioes in fro egus induces suecesful em 
bryonic development without fetlzation (7). 

‘Two different timings and strategies for cen- 
tile elimination cur in the female germ line 
tf iferent animals, In mollis and echinoderms, 
centrosomes with centrioles are present in mei 
oss; in starfish, most centrioles are eliminated 
by extrusion inthe polar bodies, 8). By contrat, 
in fui ies, worms, and humans, centrioles are 
tliminsted before meiotic division, representing, 
‘one ofthe few acentrilar divisions in those spe. 
cies (3,4, 6,9)-Even though eentrole elimination 
before meiotic division ie such a widespread event, 
litte is known concerning the molecular mech 
anism governing this process. Additionally, the 
real consequences of eaining centrioles with es. 
eet to oogenesis prugression, meiosis, and repro- 
ution ar still unclear. Here, we used Drosophila 
‘melanogaster oogenesis to identify tbe molecular 
‘mechanisms of entrni elimination andthe eon 
sequences of preventing it 


Centrioles are eliminated in 
late oogenesis 


“Hetiner first pointed out in 1983 (10) the acen- 
ttiolar nature of Drosophite female meiti divi 
sion intnsi¥ving the discussion among co biology 
pioncers on centriole ineritance a problem Ae 
‘osidered very intricate and perplexing Almiost 
half a century later, Mahowald (12) beautifully 
showed by electron microscopy (EM) the com 
plex behavior of eentroles during, Drosophila 
genesis. Oogenesis begins with the asymmetric 
division ofa stem eel to give rise to a new stem 
call and a eytoblat, which undengoes four sue- 
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cessive mitotic es with incomplete cytokinesis 
forming a large eyst composed of 1 intereon- 
nected eels Fig 14) Mabowald (2) detected up 
1025 dentifahle mature centrioles and alton 
al procentroles inthe entire eyst. Those results 
suggest that centriole plication occurs inthe 
Weel est, proditing a total count of 6 cen- 
‘roles and procentrioles in ane est. One of the 
16 clls becomes the oocyte, while the others are 
called nurse cells (Fig. 14). Early in oogenesis, 
‘most centrioles from each of the 15 nurse cell 
migrateto the ooeyteand luster, forminga very 
lange MTOC that organizes the microtubule cyto 
skeleton fom stages 2 o 6 (1) (Fig, LA, and can 
‘be detected up until stage 9 by EM (12. 

“To investigate when centrioles are eliminated, 
‘We initially divided oogenesis into thtee easily re- 
cognizable stages: early [germarium (G)to stage 
6, mid (stages 7 and 8, when the ooeyte is re- 
polarized), and late (sages 9 to 12) (Fig. 18). We 
first examined the oocyte forthe presence of a 
‘conserved eentriole-specific protein, ANAL, ex 
‘pressed under the contol of is endogenos pro 
‘moter and fused to tTomato (13) (Fig, B and 
©). We observed centrioles atthe beginning of 
late stages (stage 8), confirming previos studies 
(42, 19, However, we were surprised to detect 
centrioles later than that, in all ooevtes from 
stage 9 10 12 (Fig. 1, Cand E). In accordance with 
‘published EM studs in erty stages, we observed 
centrioles clustered at the posterior end of the 
‘oocyte between the nucleus and the follicular ell 
border, most asa single, uniform, very lange 
structune (In late stages, ANAL was present in 
either one or very few diserete lage dots in the 
nucleus viinity (Fig. 10, suggesting that cen 
‘ios were als clustered, 

We nest investigated the presence of centrioles 
‘upon nuclear envelope breakdown at the spindle 
of meiosis I (stage 14). Confirming Huettner's 
light micrescopy pioneering studies (10), we were 
‘unable to detect centriles atthe poles of the 
spindle (Fig IF Thus, centrioles are present until 
later stages than previously desribed (12), but 
‘the disappear just bere meiotic spindle assem: 


Centrosome disassembly Is a stepwise 
process: PCM first, centrioles last 

‘We reasoned that centrosome elimination could 
‘ocur in different ways) abruptly, with all the 
structure being lost simultaneously o i) with 
liferntcompanentsofthecentrsame disappear 
‘nga diferent time points throughout oogenesis, 
“Tonnswerthis question, we investigated the pres- 
‘ence of several centrosome components—the een- 
ttiole and PCM constituents (Fig, 1B)—during 
‘passage through oogenesis. We fist tested the 
centriolar components SASG nnd BLDIO/CEPI3S 
(ig. 18), which are patof the eartwbee, hallmark. 
structure of the centriole that helps to define its 
nine-fold symmetry (2), Although the presence of 
'SAS6 until lat stages corroborated the ANAL ob- 
servations, we found a decrease inthe numberof 
‘cytes containing BLDIO, which suggests that 
centrioles start lose components a those stages 
(ig. 1, and E and fig SUA} We then checked the 
‘presence of diferent PEM constituent (Fi, 18) 
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Fig. 1 Centrosomes progressively disassemble at the end of oogenesis: PCM first, centrioles 
last. (A) rosa is Esrly in oogenesis, the cenoles ofthe nurse ells 
migrate to the 1 and 9, but not n meiosis (ane 
1) 02). @) ure ant compan posed by two centrioles 
sage of MT (orange), wich nucleates ard anchors MTs. (Card D) 
te the nc cll 


rusis and the folic 


surrounds othe incite 


= mare with same exposure. Scale bars, 10 wn, (E) Quantification of & 
ring ANAL, Si discrete foc. More than 30 oocytes were analyzed pr stage, per eas) Sea See RO 
protein Because of theirlong duration. mast ancytes counted late stages were thr in stage 9 cr ‘ewan 
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(® ytubutin, which is very important for miero- 
tubule nucleation; (i) PCM compan that re- 
cut ubulin (PLE pesoentin, CNN/CDKSRAP2, 
‘SPD2/CEPI2) (14-18), and (ii) peripheral cen 

trol componensthat recruit the PCM (SAS4/CPAP 
and ASI/CEPI52 (9,20 In early stages, all PCM. 
‘components were present at the centrosomes 
(Fig. 1, Gto Land fig Si, to). However, unlike 
centriolar components, in mid stages some 
PCM components started to disappear and their 
loss was aggravated in later stages, with SPD2 
loss being particularly evident (only 83% of the 
‘oocytes had SPD? in mid stages and 8% in late 
stages; Fig. Hand D.y-Tubulin, which ean be 
‘recruited by several PCM components (21), was 
the most stable PCM constituent (77% of late 

stage oocytes were postive; Fig. 1, G and 1, 

‘Thus, in this system the PCM disappears befare 
centrioles. 

‘Werthen characterizedin more detail the mid 
and late stages ofthis process, when the centro- 
some stats losing some of its components. Be- 
‘cause entrioles are very small structures and are 
‘densely packed atthe at stages f oogenesis we 
‘quantified the total signal for what we observed 
tobe the most stable centriole marker, ANAL Fi 
2H), a5 a pny for total entrole mass (Fig. L. 
‘We observed similar total intensities of ANAL 
‘uTomato per oocyte in mid stages and atthe 
beginning of late stages (stage 10); these inten 
sites were grater than those of single centrioles 
‘encountered in very early stages by a factor of 
about 80 (Fig. U). Our experimental approxim 
tions to centriole number suppor the initial cal 
‘ulations and assumptions, based on Mahowald’s 
studies, that most centrioles from the 16 cells 
duplicate in the eemarium and migrate tothe 
‘oneyte [64 expected centrioles (1) The similar 
ity in intensity found in mid stages and stage 10 
‘sugsts that litle eentriale breakdown occurs at 
‘that time in oogenesis. In contrast, in stages 12 
and 13 the intensity of ANAL was much lower, 
similar to the intensity of six “early” centrioles 
(Fig. U) Fnally, when we investigated stage 1 
(neiotie division; Fig. 1, Fund 3), we observed 
‘nly 2 of 20 eggs showing one or two cortex 
localized, non-M-nueleating centrioles (ig SIE}, 
supporting nearly complete centriole elimination 
at that stage. Thus, the centrosome doesnot dis 
‘semble abruptly; it starts losing several PCM. 
‘components in mid stages followed bythe lass af 
‘entrolar components in late stages (steeper be- 
‘jeen stages 10 an! 12) and leading to complete 
‘centriole less at meioti division (stage 1). 


‘Our data suggest that centriole elimination could 
he w consequence of PCM los. Although ite s 
Jnown about the regulation ofthe PCM in stale 
interphasie centrosomes, most interphase cen 
trols are coated by at east ane PCM component 
in all organisms (22, which might contribute to 
ther stability. Tetralgmmena centrioles (ale basal 
bodies) are unstable upon depletion of tubulin 
(28), further suggesting a role for the PCM in 
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centriole stability: Although arolefor the PCMin 
centriole biogenesis has boon acknowledged (2), 
‘we hypothesized thatthe PCM also has anim 
portant function in entrcke maintenance. To test 
this hypothesis, we developed "centrale stability 
assay" in Drosophila cultured ells. This assay 
allowed us to simultaneously @) deplete several 
PCAT components, creumventing the absence of 
Phenotypes resting from their known redundant 
oles, and i) uneouple entrosome maintenance 
from centrosome bingonesis. We thus arrested 
Drosophila tissu culture els (MEL) in S phase 
fig. S2A) to halt the centriole biogenesis eye 
after centriole duplication (20). In interphase 
Drosophila centrioles are coated by & thin PCM 
layer composed of components such as ASL, D- 
PLP, and SPD2, and additionally by CNN in G 
hase (24, We asked whether centrioles were de 
Sahlized upon depletion of ASL, D-PLP, SPD2, 
and CNV individually or together All CM" for 
4 days (fg. 82, A to E). We observed a significant 
decrease in centriole number (Ge, a higher per- 
centage of cells with O or 1 centrioles) when ll 
PCM was depleted, rather than individual deple- 
tion of different PCM components (fg. S20. 
“Ths, the PCM is required for centriole suability 
fn somatic cells, and PCM components are re 
dunn fm that mle, 


Loss of Polo fram the oocyte 
centrosome co-occurs with PCM loss 


Our results strongly suggest that centriole elimi 
‘ition resus fom PCM los, Upon mit entry, 
Polorike kinase I (called PLKI in most species, 
Pola in Drosophila) s a major regulator of PCM. 
reeruitment tothe centriole (25,26). Plo and its 
orthologs directly phosphorylate several core seaf- 
fold PCM proteins in different onganisms, includ 
ing perientrin (PLP), SPD2, and CNN, contsbuting 
toward tubulin accumulation on centrosomes 35 
vwellas FCM asembly and expansion (16, 21,273). 
PLAY alo plays in PCM maintenance (2,3. 
In Drosophila oogenesis, Poo is required at 
can stages to restrict meio to the oocyte (3, 
tnd later in stage 14) to trigger nuclear envelope 
breakdown (84) Polo was shown recently to be 
{ranseriptionalydoyn-regulatd in the ooeytein 
between those stages (9), and so tis possible 
that lack of Polo on centrosomes leads to FCM dis. 
appearance and centriole loss. We thus examined 
Polo's subcellular localization in those stages. Al 
though 89% of early-stage ooeytes (stages 2 to) 
stowed the psence of Polo at the centro (Hg. 
2,A and B) its eentrolar localization decreased 
‘markedly during mid and late stages of oogenesis 
(Fig. 2 A and 8, which conedes with our obaarva- 
‘ons on PCM lass (Fg 1). Indeed, most centro 
tdsppeared fromthe oocyte beeen stg 10 and 
stage 11/18 see Fig 1), when Polo is absent fom. 
the MTOC. Thus, Poo less fom the oocytes on 
‘reso could be criti event in triggering las 
ofthe PCM, followed by centriole elimination, 


Down-regulating Polo accelerates 
centriole loss, 


‘We next tested whether Polo could havea rolein 
centile maintenance. Polo mutants have aston, 


Jose af-inetion phenotype carly in oogenesis (29), 
‘preduding an analysis ofthe efit ofits loss of 
funtion in centriole maintenance. We thus used 
RNA interference (RNAI) to down-zegulate Polo 
‘only after oocyte determination, when Polo is 
naturally il present, RNA depletion let loss 
‘of Polo protein (fg-S3A) and to female sterility 
as reported previously for mutants of Polo (36), 
We analyzed centriole maintenance by invest- 
agzting the levels afto centriole markers, ANAI- 
‘tomato and PACE-GFP [the centriole targeting 
domain of pericentsin (14 90,37, 38) fused to 
green fluorescent protein], We focused on stage 
10, wien normally eentriols are still present Fig. 
1) Lavels of both markers were significantly r= 
‘duced upon Poo down-regulation, in contrast to 
a mCherry contro, strongly suggesting the pres- 
‘ence of fever entrns and thus the acceleration 
ofeentroleloss Fig 2. Cand D) We observed very 
similar results in issue culture eels upon down 
regulation of Polo inthe centriole stably assay 
(i. 9, Ato Cana fig. $9, Band C). As readouts, 
‘weused a centriole marker, BLDIO; a centriole and 
PCM marker, SASK; and a PCM marker, D-PLP 
(ig 9, B and C). Polo depletion alone had an ef- 
fect on PCM depletion, similar to its effect om 
centriole loss (Fig. , 8 and C)- Furthermore, eo- 
depletion of Polo and AU! PCM led to a siilar 
‘phenotype to that obtained wit depletion of ll 
‘POM alone, which suggests that Polo and the PCM 
‘work on the same patvay to maintain centrioles 
Fig 3, Band ©. 


Ectople tethering of Polo to centrioles 
prevents PCM loss 

“To further test the role of Polo a the centrosome 
for POM and centriole maintenance, we asked 
‘whether overexpression ofthis kinase (Polo-Mye) 
‘throughout oogenesis (starting at stage/4), could 
‘overcome centriole loss. However, despite an in- 
‘reas in total Poo levels (fig. S44), Plo did not 
localize to most oocyte centrioles in late stages 
(fg. S4€) and induced only a modest inerease in 
the percentage of ate oocytes showing y-tubulin 
‘on centrioles fg. S48). Beeause Plo is avery dy- 
namic protein, oalizing to diferent subcellular 
structures at different cell eve stages (26), we 
reasoned that overexpression of Polo might not 
‘he slfcent to force its concentration to the cen- 
‘ries und thus to retain the PCM there. 

‘We took advantage ofan approach to free Polo 
to the oncyt's centrioles. Several molecules, in- 
cluding the ortholog of Polo, PLE, have been 
artfcaly tethered tothe centriole by fusion to 
erientrin or itscentroletarotng domain, PACT 
(4,30, 7,38). We thus targeted Polo tothe cen- 
‘wile in Drosophila by fasing GFP-Polo to PACT. 
“This strategy previously led to higher aecumula- 
tian of FCM in interphase centrioles in man 
cultured cells (30), and we observed the same 
phenotype (ig $4D). We thus induced GFP-Polo- 
PACT expression in oogenesis GFP Polo PACT and 
(GEP-PACT (contra) always localized to the 0o- 
cytes centrioles from stages 2 to 12 (GEP signal 
lays colocalized with ANAL Tomato; Fig 4A) 
‘Wethen asked whether the constant presence of 
Polo a the centrioles could prevent PEM les. We 
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Gistages 6 
(carly stages) 


Stages 7/8 
(mid stages) 


Stage 9/12 
(late stages) 


$8 2 28 


‘% oF oocytes with 
Polo at the MTOC 


8 


Gistg6 stg 
‘eon 71 9/12 
stages) =tagen) 


stg 


Stage 10 -mCherry RNAi Stage 10 - Polo RNAi o 
2 2 
2 2 
F 3 
i) g 
Merge PACT Merwe PACT 5 5 
Fe 2 Contrsoma Pol tury dorcel and nica oa of LPG) an ANAL ade ge 


rnstrearm af the other PCM consit- | tot 
vents (ig 1, G and 1), In addition, we detailed 
the fom of mid and very late ess 


abundant stages of oogenesis when centrosome 
‘components started to disappear. In very late and | Prevents centriole elimination 
less abundant stages (12 to 19), where we rarely | Next, we ake whether m 


‘observed GEP-PACT nacytes (control) containing | costed by PCM wo pre 
‘entroles with y-tubulin, 00% ofthe GFP-Poln- | ination. We quantified the 


PACT oocytes showed centrioles with y-tubulin | the ene centsolar protein 
Fig-4, Aand B) Moreover, centriolar tubulin | oogenesis (Fig. 5, A and B) 
levels Were increased in oeytes expressing GEP- | GFP-Polo-PACT, ANAL len 


aafs66-+ uty 


Polo-dependent PCM maintenance 


sents FCMlossin mid_| Fig 5A; roughly equivalent to 50 early-stage cen 
trols, Fig L). However, i ate stages (12 to 
68% of control oocytes (Fig St) had few remain 
ing centrioles (considering ANAL levee) (Fg 5 
‘wheres all GFP-Polo-PACT-expressing oocytes 
retained controls (Fig 5B) and ha similar eve 
of ANAL signal dstibuted i diffrent clusters 
Fig 50), Because ANAL otal signal in the oocyte 
didnot change throughout ongenesis when GFP- 
Polo-PACT was expressed (Fig. 6), this finding 
sone 


ent their normal ei 
levels and presence of 
ANAL in mid and lat 

‘Upon expression of 
ein mid stages 7 t0 
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dsRNA ranstecon dsRNA transfection Harvest cots MP 
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Merge + DNA 


gE 


With 0-1 of the indicated centriole/PCM markers (abnormal 
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sennas oO Oa? 


eel 


(A) Schematic representation of the centriole stably indeated fri 
say, This assay isan optimization of the assay show inf SEM of 
for longer (8 versus 4 days). resulting in the elation of more cantrisles, candi in each experiment). "P< 0.0) ignifcant 
ater the wii cy ate re subject analysis of Variance). Note that depeti fet on 
stranded RNA transfection and treatment with H PPCM loss, similar to ts effect onc ne PCM 
in) for & rere days. After 8 days of Fh were are tkely to be acting onthe sam . 
ae aasayet for cenroie numbers by in : issimilar to dep 
assay in DMEL calls deplete : ‘entre loss was increased as compared 
1 APCM + Polo. mCherry RNA ti vas ue, 3 forthe coresponlng 
" vere staid for BL.D10 (re) sr med verse barccre anim RNA\ efficent 
Dn tative ages are shan ele profil by th 
loss (in contrast to what is observed in the | Centroleshavean unequivocal endral struc- | copy, They have been traditionally resold by EM, 
control) nor extra centri esis (ether | sure, but because they are very small (diameter | or more recently by super-tesolution meroscop 
canonical or de novo) at any time point along | 250m, approximate length 400 nm),theirwalls | We developed a protoea, structured illumination 


genesis fannot be resolved by conventional ight micros: |_icoscopy i which super resolution malerssopy 
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Stages 7/8 


Stages 10 


Stages 12/13 


(rid stagee) (ate stages) (ate stages) 
i <8 = : 
2 se 
a ge 
§ 33° 
é rn: 
so Sig Sta 
78 10 1243 
PACT NTUBS PACT ers S PRCT TUE oe 
pay 
<= GFP-PACT (control) 
GFP-Polo PACT 
c Bs isk 
5 da 
z ae, 
Fs g2 ‘1. 
é <3 ry 
3 gevll 
& BE os 
Sig 78 stg 70 
Poto-PACT TUB PoloPACT TUB POIDPACT dagen ae ape 
EIGFP-PACT (contro 
SGFP-Poto-pacT 
Fig. 4. Ectopic tethering of Plo to the centrioles prevents PCM loss that expression of GFP ol PACT retains TUB at 
(A) Tei Slate cenvies,GFP PACT [eel ord FP = ae ced ta help fer grea ends, Men 
FLPGII ANALTonato mpesson unr ercagenaus promoter was sed the amour of TUS per ANAL tthe cent. Expesion of GFPFO 
staat ently morte and ieuetating ory bul (TUB) aa sorotimatel 3 esas ruth 7 TU 
peated care iets ore ar 20 cys 


‘an validate the presence of normal 
sentroles by resoving the wallof the eyinder, 3 
unique structure in the cel. We focused on stage 
14, where normally most centri 


shave been 
climinated (Fg, 1) Centriole barrels were clear 
Iy identified at stage 12 both in the control (GEP- 
PACT) and in GFP-Polo-PACT (Fi, St) 

We then asked whether expression of GFP-Plo- 
PACT would also ensure centriole maintenance 
after meiotic nuclear envelope bresklown. Can 
sistent with our intial characteristion (Fig 1 
in eantrol oocytes (GFP-PACT) we were unableto 
identify centrioles atthe spindle pales of mei 
(stage 16 (Fig 5, Cane, let panels). In GFP 
Polo PACT-expsin srs bere 
‘centile Fig 5, Cand Dy right panels). Controls 
were mostly located a the anterior end of the 


mature eg, inthe vicinity of the DNA and gen 
craly more seattered than in previous stage 
forming on average 20 centriole clusters (Fig. 5, 
aaf4866-6  csuLy zoe vou ass issue aoe 


sand, and fig 


5, and B) In some exes, cen 
ager dusted and ther number 
cold be resolved, wit 
rioles being observed in one eax (e.g. 5A, 
right image), Moreover, we coll observe the ce 
trite barrel inthis stage in GFP-Polo-PACT ex 
ins olution micrographs (Fig, SE, right 
piel). Those centrioles, in contrat tothe ren 
‘ant centrioles encountered in control ef fi 
SIE), were able to nucleate MTs (fg SSB) Thu 
he majority ofthe centrioles were maintained as 
fully competent MFTOCs 

Polo and its orthologs are known tb 
cera functions mediated by catalysis. However it 

been speculated that some members af this 
ily, n particular PLKS ean have noneataltie 
functions (38, 40). We asked whether Polo ac 
vty is erica forts function in centriole mai 
tenance in both tissue culture cells and eas We 
generated a kinasedead GHP-Polo-PACT (GEP- 


a maximum of 56 cen 


LKD-PACT) as described (38), Expresion of 
al levels to GFP-Polo-PACT 
in ovaries didnot filly rescue the centriole loss 
that normally occurs in stage 12 oF 1, which sug 
pests that Plo catalytic activity indeed inva 
in centriole maintenance (fg 6) Given that there 
‘was les centriole loss in GFP-Polo-KD-PACT than 
hat Polo als hs some 
noncstalyie funtion in centriole maintenance. 
‘Similar results were obtained in tis 
lls (Gg. 7). Th 
Joss from the centrioles 


onentiye veton fs 


ve ealture 
‘entrile elimination requis 


Polo-dependent centriole 
maintenance leads to abnormal 
meiosis and aborted 

‘embryonic development 


Werthen focused onthe consequences of tai 


sentrole for miosis andl emrye development. 
In GFP-Polo-PACT-expressing eggs, although a 
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ee 100 
28 "JT  ecorpeacricony = 2 GFP-PACT (contro) 
tot) B----F----f —ecrpreioract 58 GFP-Polo-PACT 
NE a 23 o 
3g som —s ie 
a = gee 
z 
sig Sig Sta Sig Sta Sig MEI 
78 _10_12/3 7i8_ 10 12/13 
idstages — Late sages tind stages Late stages 
© __GFP-PACT (control) GEP-Polo-PACT D_GFP-PACT (control) GEP.Polo-PACT 


Meiosis Meiosis Meiosis 


Polo-PACT. DNA PACT DNA _Polo-PACT 


Fig. 5. Ectopic tethering of Polo to 
‘the centrioles prevents centriole loss 
leading to abnormal meiotic division. 
(8) Quartier fot " 
Fev (endogsnaus promoter mid and 
Inte cogeness stages in GF 

ANAL levels ae constant hreush 
ion suggesting that centrioles a 
rmantained. Dashed ines ae included 

and 10, 1 > 38 oocytes per con 
ae 1 centrioles (oocytes 
‘whe all oocytes er 


E __GFP-PACT (control GFP-Polo-PACT 


onion. Data are mean (2001 (Kruskal Walis test) (8) Quatica 
1 Note that most meiosis Imetaphazes donot have centres in 
8 oncytes per conten, Fr stages 12/13 and meiosis n> 1 per contin, (© and) Diferent magniiations © 
revker (C) Eggs expressing GFP Fe 


stage M ease expe tr) or GFP-Polo-PACT. ANAL tomato was used as 2 cent 
re the mainte the anterior fhe agin the vidnty ofthe melt DNA, Enlargements ofthe inccated areas (srr) are sham. 

the nucle! suroundi ae fram fo Seal 2) Seatered DNA aszaciates wth maternal centro n mass in GFP Pe 
misrys.Enargemants oft indicated ares (arrows) a 10m. (€) Representative super resolution mroscony (Le. structured lumi 
ricrascapy) images of cntrinlesin eges expressing et 7 (conta) of GFP-Fola PACT in stage 12 an in meloic vions. Centos are very 

(250 macros); therefore thelr barrel ike structureisc th-superresalution microscopy, ANAL Temata was used ta identity Sypical centile bare 
5 in stage 12 of bath GFP-PACT- ane GFP Pola ssig eggs. These stuctures resent in metic dvs Pola PACT 
xpressingengs: no structures were seen incontrol eggs at that stage (Fig. IF), Enlargements ofthe inceated areas (arrows). focusing ena singe centri 


{ery icone loci oc in cenisiole min | cen with sadtere’ DNA (Fig. §D, right panel, | sequent PCM lass, Moreover; tow-clisiinated 
tenance, centriolesoften seemed tointeract with | and fig SSA). Thus, centriole elimination dur. | centrioles ean interfere with meiotic spindle 
thespindle leading to abnormal meioss, in many | ing late oogenesis requires Polo loss and con- | assembly 
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. GFP-PACT (control) GFP-Polo-PACT 


Mitosis Mitosis: 


single females 


GFP- GFP-Polo- 


: 
2 4h collection 
z DNA PACT ANAT DNA _Polo-PACT ANAT a-TUB 
: ORE Rees 
: —p 
& sts 
6s 
a3 ‘¢ = ed ai 4% aS po 
P PercenrotarMatrat(eCM) NEF concen — ES nuse cate GH)oveye nucle“ ote spnate 


do not hatch. Quantiiation of rumber af hatched oogenesis, there is bath 


‘of expression and localization of Fol 2 


GFP Pa W M components on the cocytes centrisles, dawn-reguating a centre 
ACTem mote vest Embryos mantenance pragram.in the absence of Plo and consequently PCM, the 
were collected i (Temanos show super centrioles are not stable and are elena, ensuring ther absence in me 


sumerary stored DNA associated with oss, proper number oft rs upon fetization, and success 


‘nal od pat devel: emonyanic eve ly expressing and anchoring Polo to 
oped past mbryes rogram Is 
had developed past th ies in the embryos a sable. Ahoush the p 
analyzed by colabeing with ANAL (cennolr marler under endogenaus pr temal cantriles does not prechide egg formatn nay la 


and likely to be accumulated in older to abnormal meiotic and mittic dhvsions with consequently fall zygotic 
n (TUB dark; bus) Was used to Identity the development 
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We then asked what would be the conse 
‘quences for reproduction of retaining centrioles 
in the egg. Exgs did not show any obvious 
‘morphologial defects and the dorsal ppendages 
of the chorion (specialized structures in the D. 
‘melanogaster egg that ensure the breathing ofthe 
embryo), a hallmark of proper egg development, 
‘were wl formed (a> 450 eggsin GFP-Polo-PACT 
sand GFP-PACT) sich suggests that ectopic cen- 
‘rosome presence during oogenesis didnot in 
‘duce major polarity defects tis known that 
injection of centrioles in Xenopus eggs induces 
parthenogenie development (7). However, we did 
‘ot observe parthenogenie offspring fom un 
fertilized Drosophila eg retaining centrosomes 
(GEP-Polo-PACT, n= 50 females) Fertized exes 
having both maternal (GFPPole PACT expressing 
‘xgs) and a paternal centrosome wer ad in sim 
ilar amounts relative to controls (Fig, GA). How 
ever, eggs expressing GFP-Polo-PACT showed a 
very ow egg hatching rate af 1%, compared to 
‘596 in GFP-PACT controls (Fig. 6B) and 54% in 
Polo-Mye overexpression, where Polo was nt tet 
‘ered to centrioles (fg S50). Although eggs were 
‘ertlined (fig. SA), embryogenesis was blocked 
very early in development (Fig. 6C)-The majority 
‘of embryos from GFP-Polo-PACT-expressing 
‘mothers ested in the frst mitotic divisions, 
‘oflen with multiple centrosomes at each pole and 
‘sltered DNA associated with centrosomes (Fig 
60, probably resulting from abnormal chromo- 
some segregation. GFP-Polo-PACT expression per 
sat thelevels observed unlikely to have maior 
detrimental effects in embryonic development, 
sven the presence of normal escaper embryos 
(Gg. S88). Thus, maternal eentrosome mainte 
‘nance isdetrimental for female msiosis and early 
‘embryonic development and has a negative im- 
pact on sexual reproduction. 


Asymmetric centriole inheritance is thought to 
be essential to sexual reproduetion. How mater- 
‘al centrioles ate eliminated and the importance 
of this phenomenon for oogenesis progression, 
meine division, and embryogenesis fas been a 
‘matter of extensive debate. Our results show that 
‘maternal Drawphila centriole elimination results 
from the shutdown of a novel centriole mainte 
‘nance program relying on the presence of Polo 
kinase at the centrosome and consequent PCM 
‘tention (Fg. 6D). By artifical maintaining this 
‘rogram by tethering Polo to centrioles, we re- 
tained maternal eotrecmes thot al stages 
‘of oogenesis, Surprisingly ees with active centro- 
‘somes were wel patterned and lid, However, the 
abnormal presence of centrosomes led to defective 
‘meiosis abnormal mitosis aftr fertilization, and 
aborted carly embryonic development (Fig. 6D). 

‘Our Bindings ar likely to extend tothe female 
‘germline of other animals, where centrioles are 
also eliminated during prophase Tarres. For ex- 
ample in Caenorhabelis elegans oocytes, the PCM. 
‘salso est before centrioles ae eiinated (0), nd 
in Xenopus oocytes, the Plo ortholog Phx is also 
less expressed in early oogenesis 41, 42). Echino- 
dderms are an exception to centriole elimination 
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‘ncarly prophase Lares, because most entices 
are eliminated through extrusion within the polar 
bodies during both ofthe mote divisions, with 
last centriole being eliminated after meiosis exit 
(@). Remarkably, echinoderm centrioles are sur- 
rounded by PCM (y-ubulin and pericentrin) in 
all stages of oogenesis (4), which may protect 
them, further supporting the generality of a PCM 
dependent centriole maintenance mechanism. It 
{salsa known that Poo substrate phosphorvatin 
{s important, both for their loalzation and to re- 
fnforce Polo's ov localization atthe centrosome, 
ina postive feedback lop (20). Recently, it was 
showin that both Polo and at least one of it PCM 
substrates, SPD2, are not traneribed at the be- 
inning of late stages of Drasophila oogenesis 
(stages 9 and 10) (35). We propose that eoncom- 
tant loss of expression of Polo and its PCM sub- 
strates leads to complete PCM loss from the 
oocyte MTOC and subsequent centriole los. 
Moreover, physiological inhibitors of Polo (such 
tas matrimony) (34) may eontribute to farther 
down-regulate its localization and activity atthe 
centriole, Future work wil focus on understand 
fing which Polo substrates and binding proteins 
are important inthis funtion. 

‘Toour knowledge, animal sexual reproduction 
fs always associated with asymmetric eentriole 
{nheritance due to matemal centriole loss. Here, 
‘we tested the consequences of counteracting this 
process for meiosis and early embryonic devel- 
‘opment. We observed that oogenesis robust to 
the presence of ative centrioles (no major patter 
Jing defects). However, maternal centrioles inter- 
fere with meiotic and mitotic divisions in the 
embry, lending to female sterity, Moreover the 
presence of maternal centrioles is not sulfcent 
to suppert parthenogenesis in Drop. In par- 
thenogenicspecics, centrioles are stil eliminated 
in oogenesis and appear de novo only after ana- 
phase 1 (44, Its thus possible thatthe meiotie 
efets observed caused by the presence of mater- 
nal centrioles, or other unrelated requirements, 
preclude the induction of parthenogenesis. 

‘Our study suggests thatthe widely accepted 
centriole stability i not an intrinsic property of 
those structures Instead, centrioles are maintained 
byan interphase role of the major mitotic kinase 
Polo and by the PCM. We propose this ta be a 
general feature of centrioles, because either Polo 
‘or PCM removal leads to centriole disappearance 
in Drowophila interphase somatic cells arested 
fora long time. Further studies are necded to 
address the role of PCM and Polo in centrale 
‘maintenance and the interplay ofthat role with 
centile stabilizing stractural features (2, 45-47. 
Finally, evidence of PCM's presence oF lass fom 
centmsomesin differen tistues supports the idea 
that regulation ofa centriole maintenance pro- 
fam is present and ete in many other cell, 
types, such as cells that lose centrioles or their 
activity upon differentiation or disease (eg, mus- 
‘ers infection, cells wits maitiple centrosomes 
{in cancer) and in eels that keop centrioles for a 
Jong time ex eng cells where centrioles 20 
through many cll eyeles and long-lived difer- 
entiated ciate cell) (6, 48-2). 
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CHEMICAL BIOLOGY 


Chemical genetic discovery of PARP 
targets reveals a role for PARP-1 in 
transcription elongation 


Bryan A. Gibson,! Yajie Zhang," Hong Jiang,"* Kristine M. Hussey," 
Jonathan H, Shrimp,*+ Hening Lin,* Frank Schwede,* Yonghhao Vu,* W. Lee Kraus! 


Polyladenosine diphosphate (ADP)-ribose] polymerases (PARPs) are a family of enzymes 
that modulate diverse biological processes through covalent transfer of ADP-ribose trom 
the oxidized form of nicotinamide adenine dinucleotide (NAD") onto substrate proteins, 
Here we report a robust NAD" analog-sensitive approach for PARPs, which allows 
PARP-specific ADP-ribosylation of substrates that is sultable for subsequent copper- 
catalyzed azide-alkyne cycloaddition reactions. Using this approach, we mapped hundreds 
of sites of ADP-ribosylation for PARPs 1, 2, and 3 across the proteome, as well as 
thousands of PARP-1-mediated ADP-ribosylation sites across the genome. We found that 
PARP ADP-ribosylates and Inhibits negative elongation factor (NELF), a protein complex 
that regulates promoter-proximal pausing by RNA polymerase Il (Pol I). Depletion or 
inhibition of PARP4 or mutation of the ADP-ribosylation sites on NELF-E promotes Pol I 
‘pausing, providing a clear functional link between PARP-1, ADP-ribosylation, and NELF. This 
‘analog:sensitive approach should be broadly applicable across the PARP family and has 
the potential to lluminate the ADP-ribosylated proteome and the molecular mechanisms 


used by individual PARPs to mediate their responses to cellular signals. 


denosine diphosphate (ADF)-ribasyation 
of proteins isan important modulator of 
‘ellularprocestes from the regulation of 
‘chromatin and transcription to protein 
translation and stbilty (1). Most of the 
17 poly(ADP-ribose) polymerase (PARP) family 
members encoded in the human genome are 
‘enzyme with ether mono oF pol(ADP-sbosy!) 
transferase activities, which covalently link ADP- 
ribose derived from the oxidized form of niso- 
tinumide adenine dinucleotide (NAD*) to their 
target proteins, primarily at utamate aspartate, 
and lysine residues (2) PARPs 1,2, and 3, eet 
ively referred to as the DNA dependent PARDs, are 
1 guup af nuclear proteins with DNA-dependent 
rono- (PARP. oF poly- (PARPS 1 and 2) ADP. 
ribosyl transferase activities involved in DNA 
repair, chromosome maintenance, chromatin 
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regulation, and gene expression (2,3). Previous 
studies using immune based enrichment, various 
affinity resin protein microarrays to identify 
the tangets of ADP-ribosylation lacked specifiy 
for individual PARP family members (A recent 
chemical genetics approach targeting a conserved, 
residue in the nicotinamide binding site of the 
PARP catastie domain wis technological advance 
bout unfortunately ablated the poly(ADP-nbasy) 
transferase activi’ of PARP enzymes, while pre 
serving mono(ADP-ribosy) transferase activity 
(6,0). Asingle chemical genetic approach that 
reserves the natural miono- andl okADP-ibey) 
transferase activities of PARP enzymes and is 
broadly applicable across tne PARP family should 
be of great uty 


‘An analog-sensitive PARP (asPARP) 
approach targeting the adenine moiety 
of NAD™ 


Our previous studies indicated thatthe adenine 
moiety of NAD" is useful target for chemical 
‘modification to alter the catalytic activity and 
chemistry of PARP family members (7) In this 
regard, we developed an adenine focused, NAD" 
‘nalog-seastive approach for PARPs that pre 
serves their poly(ADP bes transferase activity 
(Gig. 14 and fig. SLA) and is capable of identifi 
the specific targets of individual PARP family 
members. Analog sensitivity is achieved by mi 
tation of a large “gatekeeper” amino acid in the 
active site of a protein to a smaller residue, 
‘roating a pocket that fits a bulky R group on 


RESEARCH 


an engineered substrate, whereas interaction 
fof the bulky & group with the wild-type (WT) 
‘enzyme would have been sterically blocked (0, 
‘We intially focused on PARP-1, an abundant 
ani ubiquitously expressed PARP protein in 
metazoans. To identify a gatekeeper residue in 
PARP, we changed 10 large residues buried 
within the active site and facing the adenine 
Hing of NAD" to glyeine or alanine on the bass 
‘ofa molecular model (Fig 1A and figs SB and 

2), We selected the eight position ofthe adenine 
Fing nf NAD as the site for group ado be 
‘cause its modification precudes ADP-ribosylation 
‘with WT PARP (PARP) or other PARPS (7), 
feature critical tothe analog-sensitive approach 
‘We then synthesized library of 11 NAD" ana- 
logs each witha diferent R group at position eight 
fiom -nethylamine-NAD"tos-benzylamino:NAD" 
(Fig. 1B) na sereen of the 20 PARP-1 mutants 
versus the 11 NAD" analogs, we identified two 
Afferent gatekeeper residues, L™” and 1" (0), 
‘whose mutation to alanine results in analog: 
sensitive activity na PARP-1automodifieation 
assay (Fig. IC and figs. SIC and $3) Critically, 
‘both ofthese residues are buried within the ac- 
tive ste ofthe enzyme ths, their mutation is un- 
likely to affect protein-protein interactions that 
might influence substrate selectivity. Although 
and 1 are separated by 18 amino acids inthe 
PARP linea sequence, they are adjacent to one 
another and proximal tothe eight position of 
the adenine rng in three-limensional (SD) space 
(Fig. 1D), These results support our molecular 
rove! of PARP-1 interactions with NAD" (fg, 
‘iB and $2) as wellas the structural basis for our 
AsPARP approach. 

"To extend the uit of our asPARP approach, 
‘we functionalized the group of &buyhio-NAD" 
NAD" analog 6 in Fig. 1B) with an ally moiety 
‘tn generate §-Bu(Syne/E-NAD" (Fig. 24). -Bu(3- 
yneJE-NAD" is an NAD" analog with a single 
bifunctional R group at position 8, which faci 
tates asPARP selective ADP-ribosylation. The 
R oup also allows incorporation of alkynes 
into the postranslatonally modified substrates, 
for subsequent use in aide-allye eyloaltion 
(Ceick" chemistry) reactions to label or purify 
the PARP targets (Fig. 28) asPARP. [1"—.A"” 
(LS77A)] with 8-Bu(-yneIENAD* acted similarly 
to the previously screened analogs, nearing WT 
‘enzyme kinetics when compared to PARP-1 and 
[NAD (fg. $8) Criialy this "elckable” NAD* 
analog also supports activity with asPARD-2 and 
AsPARPS mutants (LHASA and 894A, respoc- 
tively, homologous to L°” of PARP) (Fig, 20 
and ig 85, A and B), The ability to transfer this 
analog sensitive activity to the other PARP by 
mutation of the conserved gatekeeper residue 
(ig. 2 and fg. $5, C to G) suggests broad wile 
ity of this approach across the PARP family, for 
‘both mano- and poly ADP-ribosy!) transferases 


Identification of site-specific nuclear 
‘substrates of PARPS 1, 2, and 3 
‘We used the asPARP approach to identify site- 


specific ADP.xboslation of utamate and aspar- 
‘te residucs for nuclear substrates of PARE 12, 
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Fig. 1 Structure based engineering of an asPARP mutant (A) (ft) Schematic lustrating NAD" analog sensi in PARP proteins R, unnatural chemical 
moietes ace to NAD’. (Right) Residues in PARP! selected for mutation to glycine or alanine fr discovery of gatekeeper residues. (B) Chemical structures 
at the LL NAD" analogs used fr screening fr asPARP1. (G) Vester bot (WB) for ADP hose from autemniiation reactions containg PARP! or PARP: 
1 mutants (LB77A and I885) ard NAD" or NAD" analogs. ML. molecular weight. (D) Depiction af the spatial relationship between position eight ofthe 
‘adenine ring in NAD" and the gatekeeper residues. 


and 9 UO) We incubated purified recombinant 
asPARPs 1,2, or 8 with HeLa cell mulear extract 
in the presence of 8-Bu(3-yne)T-NAD", which re 
sulted in PARP-speciic labeling of extract pro- 
teins (Fig). We then “clicked” the 8-80(3-9n0) 
"ADP-ribose labeled proteins to azideagarose, 
‘which led to their covalent attachment to the 
‘agarose resin, allowing extensive washing with 
‘enaturants, strong detergents, nd aan sl 

vents. We performed tnypsin-based peptide iden 

tification ofthe ADP borate proteins by quid 
‘Guematoyraplsy-tandem mass spectrometry (LC- 
MS/MS) (protein ID), washed extensively again, 

and eluted the ADP-ribosylated peptides using 
hyydrasylamine to identify the sites of ADP- 

"bosyaton by LCSMIS/MS (ste 1D) (10) Fg. 38). 

‘This approach rewaled distinct and oveetapping 
sites of PARP, PARP-2-, and PARP-I-medhated 
ADP-ribosylation (Fig. 3¢ and fig. SA). Onto- 
logical analyses of the target proteins revealed 


460 suuurame vous wsueces 


cnrichment of terms related to transcription and 
DNA repair—consistet withthe known biology 
Of PARDS 1,2, nd as wel as adlitional terms, 
suggesting previouty unknown function (Fi. 3D 
sand fig. 6. 

‘Motif analyses a the sts of PARP1-, PARP, 
sand PARP--mediated ADP-ribosylation indicate 
Some similarities in sequence preference amon, 
the three PARPS (glutamate resi proximal 
to the site of modification) but point out differ- 
ences as well (fig. SC). The sites of PARP. 
PARP-2-, and PARPS}-mediatel ADP-nboslation 
that we identified herein partially overlapped 
land were more numerous than sites of ADP- 
‘ibosylation identified using other approaches 
(fg 57, with exrellent agreement fr the speeitic 
sits of ADP iborlation in commen targets when 
compared to a provious cell-based bulk ADP- 
‘basylation asay (10) Fig. 48), We aso observed. 
considerable overlap with an asPARPA1 data set 


that we generated from intact mouse embryonic 
Abroblast (MEF) nc (fi $8) Collectively, these 
results show that our asPARP approach robustly 
and fithflly identifies sites of ADP-iboslation 
mediated by a specie PARP family member. 


Negative elongation factor (NELF) is 
ADP-ribosylated in a positive 
‘transcription elongation factor 
(P-TEFb)-dependent manner 


Previous reports implicating the Drosophila 
‘melanogaster homolog of PARP-1as a key mod 
Ulator of RNA polymerase 11 (Pol 1) pause 
release at heat shock lei (1,12), tether with 
the identfeation of NELEA and -E as ADP- 
ribosylated proteins (Fig. 44 and fig. SOB), led 
us to explore whether PARP-1 activity and ADP. 
ribosyation of the NELF complex might play a 
role in the control of transerption elongation. The 
negative elongation factor complex (NELE-A, 8, 
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Fig. 2. Activity of asPARPs 1 2, and 3 with a “clickable” NAD" analog. (A) Cher 
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| structure ofthe bifunctional NAD" analog 8-8u(2yne)T-NAD’ 


with the “ckeabie" analog sensitinty-indicng, kme-contaning group highlighted in ed. (B) Schematic hstrating asPARP actwty- dependent. ck 
Chemistry-mediated covalent attachment af fiseophore, btn, of agarose resin ta & Bu(2\na)TADP rsyisted proteins. THPTA, tr hyraxypopy 
tnazalyimethy)amine (C) Auomadiication rections with WT ar analog sensitive PARP, PARP-2_ and PARP-2 analysed by Waster biti for ADP rte 
(top) or cick chemist based in-gel fluorescence (hott). TAMRA.tetrametn/chodamine 
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Fig. 3. Using asPARP mutants to unambiguously identify the ADP- 
"bosyiation targets of DNA-dependent PARPs. (Aj Ingol fluorescence of 
Hela call nuclear extract proteins conjugated to azido-TAMRA after reactions 
‘ith -2U(2-yne)T-NAD" inthe presence af wid-ype (toe analog sensitive 
(as) PARP, PARP-2. cr PARP 3. (B) Depiction of the strateny for L-MS/MS 
detection of PARP speci ADPribasylaton sts. (Left) asPARP dependent 
labeling cf HeLa cell nuclear extract (NE) proteins (represented by various 
shapes) using 8-BU(3 yne)T'NAD” (ec, (Right) Postiabeling sample process 
ing for LOMS/MS. The 8 843 ye)T ADP rbonvated protens are covalently 
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linked to aride-agorase by copper catalyzed cycoadition (cick chemistry 
represents by pentagans), washed, and digested with trypsin to release 
peptides for protein ientfeation. The remaining cavalenty inked peptides are 
fluted using hycheay amine (NH.OK) with a mass shit of 150108 Da, winch 
allows foridenteaton of ADP nbosfaton sts. (C) ern dagram depicting the 
‘rtp of the protein tarts of PARP, PARP.2. and PARP-3 (B) Gone egy 
terms ennched! forthe sets of PARPL, PARP-2. and PARP.2 targets (E) Histo 
sam ofthe 2D relationship between prevousy identified ADP rbosaton ses 
(G0) wh those denied herein. CVE, putas or aspartate rethes 
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Fig. 4. PTEFb-dependent ADP-ribosylation of NELF by PARP. (A) Sho 
rate shaving the cstbution of PARP ADP nboayation sites (red). PTEFD 
phosphorylation sites, and a PARP targetenniched 7nuclectide oligomer 
FRSRSROR (green) on proteins inthe NELF compl. (B) Western bot anaijsis 
cof irmunoprecpate FLAG tagged NELF-E or GFP tor 2937 cls (6) Sher 
stained! SDS-PADE gol (let) and ADPribase Western Het (og) of ther 
Durie NELF compos. The asterisk indcatesautorodiied PARP. (D) Wester 
blot fr ADP-ribose of nwt mactieaton reactions cananingautathiene S 
translrase (GSM), GST tagged WTNELFE, or GST tagged ADP-ribosylation ste 


pint mutant NELFE, PARA. andi NAD" as incated.(E) NELFE/TAR RNA 
slecrophoratic maby shit assay with or without PARPI-medated ADP. 
‘aosystion.GSTor GST-NELF-E was trata between 1 £210 uM, and NAD 

twas added at 25 uM (+) of 100 pM (+) cure the ADP nosyationreacton, 
(Histogram a the relatonship between the ADPrribesylation sites identfid 
herein andthe nearest inodence af known phosphanyatian madficatans on 
PARP target proteins. a, amino acs. (@) Wester bot analysis of immune: 

precited FLAG-tagged NELF-E from 2337 calls treated with vehicle the 
PARP PIB, or the PoTERG/COMS inhibitor favoprio 


-Cor-D, and) fonctions to restit transription- 
al elongation and simulate promoter-praximal 
pausing by Pol I (2). Immunoaffinity purities 
tion of NELF from mammalian cells expressing 
FLAG epitope-tagged NELFE demonstrated that 
PARP-L interacts withthe NELF complex (Fg 4B) 
and that NELFE and NELEA are ADP-ibospated 
{in mammalign els (Fg. 4C) Mutation of the four 
[ELF glutamate residues identified in our pro- 
‘come seen (F122, E151, EIP, and E34) Fig. 44) 
to ghtamines, a structurally sna residue reac 
tury to ADP-ribosylation, resulted in a substantial 
‘nection in NELFE mudiation by PARP (Fig, 
44D} Finally, using an electrophoretic mobility shift 
‘assay with a model NELF-E-interacting RNA 
[ie HIV trans-stvation response element (TARY 
‘we found that ADP-ibosyltion of NELE alates 
its ability to bind RNA, a function necessary for 
the establishment paused Pol I (4) (ig. 4 and 
fi, $8), 

‘We found that phosphorylation sites (Fig 
4F) and, to a lessor extent, sites of other past 
translational modifications (fg. SIDA) are fe 
‘quently located at or near ADP-ribosylation sites 
across the protcome. Tis suggests a broad role 
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for ADP-ribosylation as a modulator at hubs of 
regulatory activity, as well as a more specific 
‘egulatory role for ADP-sbasyaton (and PARES) 
‘nooperation with phosphorylation and Kinases) 
across the proteome. In fat usinga PARP inhib- 
itor PARP) (ie. PIS4) and acyelin-dependent 
kinase 9 (CDKO) inhibitor (Le, favopirido), we 
observed that ADP-ribosylation of NELF-E in 
‘mammalian cells is dependent on posphoryl- 
ation by CDK9/P-TEFb (Fig 4), a kinase that 
phosphorylates Pol Il, DSIF, and NELF-E (5). 
Furthermore, both inhibitors reduced the extent 
of serine-2 phosphorylation (Ser2P) in the C- 
terminal domain heptapeptide repeat of the Pol 
RPE subunit in els (fg S108). Because clev- 
ted Sex2P is asocited with actively elongating, 
Pol (25), these results ineate a reduction in 
‘longating Pol 11 upon inhibition of PARP-1 and 
(CDK, Interestingly, a 7-nucleotde oligomer ami 

‘o acd sequence (RSRSRDR) enriched in targets 
of PARP. (fig. 510C) is loeated within the pre- 
viously identified phosphorylation target ste 
for PETER) in NELF-E, near a cluster of PARP- 
‘mediated ADP sibosiation ses (Fig 4. Tog 

these results hight the functional links 


‘etoen PARP-L-mediated ADP-ibospation and 
‘ranseription related phosphorylation. 


Identifying sites of PARP-1-mediated 
‘ADP-ribosylation across the genome 


Although recent genomic approaches have fai- 
tated the detection of sites of ADP-ribosylation 
_gencmeswide in the conte of DNA damage 2, 
they huve not allowed unambiguous assigament 
‘of genomic ADP-ibosyation events to a specific 
PARP family member in unstimulated ec. To 
‘unambiguously define sites of PARP.1-mediated 
ADP-ribosylation across the genome, we dev 

‘oped an assay, whieh we call “Click ChIP see 
(Glick chemistry-based chromatin isolation and 
precipitation with deep sequencing), using the 
asPARP4 approach in nucle. We expressed green 
fluorescent provi (GFP) asa control) wPARP-, 
‘or APARP-L in Purp” MEBs (fig SILA. ADP- 
ribomation after dition of -Bu(}yne)E-NAD* 
‘was dearly evident in the null of Para” MEFs 
‘expressing asPARP-1 but not PARP (fg. SUB). 
‘We then collected 8-Bul$-yne)T-NAD'treated 
nucle, crosslinked them with formaldehyde, 
“licked” the 8-Bu3-yne)T-ADP-ribose to biotin, 


Downloaded from hitp://sclence sciencemag.org/ on June 30,2016 


‘ es 
Parpt* MEFs 
“+ aSPARP-1 
Isolate Nucl & 
+ Add 8-Bu(3-yne)T-NAD* 
ee 
* Crosslink, Click 
+ Purity DNA. 


Click-ChiP-0q) 
Genome-wide ADP-ribosyiation 
from PARP-1 


Fig. 5. Click-ChiP-seq, an asPARP-1-based method for identifying the 


‘ADP-ribosylation 
‘rom PARP-1 
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ing PARPL1-catalyzed ADP nboayaton (rom Ck 


‘Benome-wide distribution of ADP-ribosylation events catalyzed by a 
‘specific PARP protein. (A) Schematic rerecentation of Click ChiP-=ea, 
Nucl are isolated from Par ‘upressing asPARP, labeled with & 
Bu(3yne)T-NAD", subjected to crass linking with formaldehyes, and then 
processed for chromatin immunopreciitatan, The enriched DNA is sub 
ected to deep sequencing (B) Genome brawservew ofa multigene locus of 


CiP'seq) with other genomic features. () Heat map showing pairwise 
‘clustered corelatons between genaric features ad PARP I-madated ADP 
bosyation trom Click ChiP'seq (D) Heat-map representaters showng 
PARP. I-catalyzed ADP rbooyation (Rern Cick CAP -seq) in comparison to 
PARP (rom CHP'seq) and transcription (Wom GRO-seq) at the promoters 
ofa FeSeq genes, TS. ranscripton star sis, 


and sheared the chromatin by sonication, finally 
subjecting the material to an assay analogous 
to chromatin immunoprecipitation (Fig. 5A 
and fig SIC). A quantitative polymerase chain 
reaction-based assay of the enriched genomic 
DNA real asPARP1-speiic ADP-ibosyation 
at gene promoters in nuclel isolated from MEFS 
(Gg. SUD), 

Click-ChIP-seq revealed robust enrichment 
(of PARP-1-mdiated ADP-ribosylation at the pro- 
roters of transcriptional active genes, which 
‘were defined by an enrichment of histone 13 
Ipsinet trimethylation (H3k¢med, a mark ofa 
tive promoters, from ChIP-eq) and actively tran 
scribing Pol I [from global un-on sequencing 
(GRO-seq)] (Fig. 58). This assay also revealed ge= 
nomicloc wth significant peas of PARP. lacking 
‘enrichment of PARP-mediated ADP-riboriation 
Tocated in regions of repressed chromatin (x 


Si2), which are dificult to discern in the ab- 
sence of the specificity provided by the asPARP. 
‘ppraach, Genome-wide correlation analyses 
between PARP-L-medisted ADP-ribosylation and 
varie of other histone modifications and ehro- 
satin or transeription-relatd factors revealed 
strong clustering, aswell as positive correlations 
‘with PARP (correlation coefficient r= 0.605) 
and NELFB (r= 0.754) (Hg 50). Heatamap rep 
resentations of the genomic data highlight the 
relationships at gene promoters amang PARP-1- 
‘mediated ADP-ribosylation; Po accumulation; 
and 113K(me, NELFB, and PARP-L enrichment 
(Gig 5D and fig. S134), PARP-meditd ADP- 
‘hosylation and CDK9 occupancy at promoters 
‘strongly correlated with low eel of Pl posing 
(Gg. SIIB). These results suggest that PARP-1- 
mediated ADP-ribosylation may actin a manner 
Smilar to CDKO/P-TEFy-mediated phosphoryl 


ation to promote the mlease of paused Pol I into 
reductive elongation, 


Role of PARP-1-mediated 
‘ADP-ribosylation of NELF in the release 
of paused Pol Il 


“To determine the role of PANP-1 fn the release 
Of paused Pol Tl, we performed GRO-sq in 
MCE? breast cancer cells to mionitr th effets 
‘of short hairpin RNA (shRNA)-mediated PARP- 
‘knockdown or treatment with the PARP: PIS 
‘on Pol If pausing, GRO-seq isa genomic assay 
‘that reveals the location of trasriptionally em 
‘aged RNA polymerases globally (17). We observed 

canlation of eal in the pels of pase 
upon PARPAI knockdown or treatment 
‘with PARPi [compared with an untreated Iuc- 
ferge knockdown contol (Lie) a gene promot 
rs (lig SH This fie was evident genomeswide 
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Fig. 6. Genome-wide functional links between PARP-1-catalyzed ADP-ribosylation, NELF binding, 
and Pal I pausing. (A) Metagenes of GROseq read density atthe promters af all expressed RefSeq 
genes from MCF7 cells subjected to shRNAmediated knockdown with ether luciferase (contol) or 
ARPA shRNAS (lop) or teatment with the PARPI PI24 (bottom). (B) Pl pausing Incoes at the 
promoters of al transcribed RefSeq genes from MCF cals subjected to shRNAmediat knockiown 
lth ether lucerase (conta) ar PARP shRNA or treatment with PLB, (G) Box plots of prmater 
‘rosa! Pal Il “pausing efcacy’ as determined by Poll and NELF ChiP-seq in MCF cals under the 
different experimental conditions inccated forthe top quartile of expressed RefSeq genes. Bars marked 
with ctferent letters are icantly ciferent (P< 215 » 10 ttt, 


(i, 6), ith clear incense in global Pott 
‘pausing indices upon PARP-1 depletion or in- 
Ihibition (Fig. 68). At active promoters with 
significant accumulation of GRO-seq reads in 
the paused Po If peak upan PARP-1 knockdown, 
‘we observed decreased GRO-seq reads in the 
gene bodies (fg. S15, see panel B for the gene 
‘body eects), which suggests that PARP. activity 
‘is ceessary to achieve an ecient release of Pl 
1 into productive elongation 

‘We showed that a large faction of PARP-1- 
uated nes (determined by PARP-1Knocown) 
are also regulated by P-TEFb (determined by 
‘reatment with 5¢-dichlom-1bo-ribofuranosyl 
‘benzimidazole (DRB)] and NELF (determined 
bby NELF knockdown), with rspoct to expression 
(by RNA.seg; fie $16, A and B) and Pol I pausing 
(by Pol 1 ChIP-sey fig. 5160), In addition, we 
fond thatthe viral NEL inlbitor HDAg-S (8) 
reverses the inhibitory effects of both PARP. 
‘nelson and DRB treatment on Pol pausing, 
asdetermined from a ChIP seq-based "Pol I pau 
ing eficay” assay (se, promoter proximal Pol TL 
cavichment divided by NELFE enrichment) (Fig, 
‘6C an figs $17 an $18). Finally, we showed that 
ANELEE ADP bastion site mutant (Mut) pro- 
‘doces a NELF complex tat is resistant to the in 
Inbitory effects of PARP and is a more potent 
inducer of Po pausing than the NELF complex 
‘containing WT NELFE, in spite of ower cellular 
‘expression owls (Fg. 6C and fig IB and S19) 
‘Collectively, our data point toa funciona ink be- 
‘een CDKE-medated phosphorylation, PARP-1~ 
‘mediated ADP-ribosylation, and NELF mediated 
Pol pausing (fig. $20). Our results indicate that 
PARP-L-dependent ADP-ribosylation of NELEE, 
‘reinforces P-TEFD-mediated Po pause release 
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and productive elongation for a subset of NELE- 
regulate genes specially those with elevated NELF 
sand Pol loading as well as Hake enrichment 
(Ge 00 Finaly, these mechanisms are functon- 
al even at promoters where PARP. serves non 
fatalyiefnctions such asthe expulsion ofthe 
linker histone 1 from nucleosomes U0) fig. 22). 


Conclusions and perspectives 


PARP proicins have gained considerable attention 
1s therapeutic targets fr the trealment of eancers 
and other diseases (20), although the broader bio- 
logy ofthe PARP family remains largely unexplored, 
‘Understanding the biology of PARP proteins re- 
‘gine comprefension of the protein substrates 
thu they modi In this regard, we have developed. 
fn asPARP approach that preserves the mata 
‘mono- and pal(ADP-ibosy transferase activities 
‘of PARP enzymes, which can be enuple wit pro- 
tein mass spectrometry to identify the targets of 
specific PARP family members. We have also re- 
purposed thisaePARP technology for wen genom 
Scassays to identify the genome-wide distribution 
ff ADP-aborvlation events catalyzed bya specific 
PARP protein, Our studies focusing on ELF d- 
lustrate how an integrated approgch based on 
A5PARP technology ean further the exploration 
ofthe biological functions for ADP-ribosylation. 
(Our asPARP approach, which uses a conserved 
reside in the PARP eaaltie domain, should be 
broadly applicable across the PARP family. This 
technique wil faciitate the rapid, bust, and 
‘stemuti identification ofthe molecular targets 
tnd micchanisms of action of the entire PARP 
family, withthe potential to transform our un- 
derstanding of PARP protein functions in physi- 
logy and disease, 
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‘ORGANIC CHEMISTRY 


Catalytic, asymmetric difluorination 
of alkenes to generate 
difluoromethylated stereocenters 


Steven M. Banik, Jonathan William Medley, Erie N, Jacobsen" 


Difluoromethy! groups possess specific steric and electronic properties that invite 
their use as chemically inert surrogates of alcohols, thiols, and other polar 

functional groups important in a wide assortment of molecular recognition processes, 
We report here a method for the catalytic, asymmetric, migratory geminal difluerination 
of p-substituted styrenes to access a variety of products bearing difluoromethylated, 


tertiary or quaternary stereocenters. The reaction uses commercially available 
reagents (m-chloropertenzoic acid and hydrogen fluoride pyridine) and a simple 
chiral aryl lodide eatalyst and is carried out readily on a gram scale, Substtuent 
cffects and temperature-dependent variations in enantioselectivity suggest 
that cation interactions play an important role in stereoditferentiation by 


the catalyst. 


he effect of fluoroalkyl groups on the 
physical and biological propertis of mol 
ceules (1-4) has inspired substantial re 
search effort aimed toward identifying 
seneral methods for the controlled into- 
duction ofthese mots inte organic earspounds 


‘ipa of Cristy we Coie egy, Raval 
heey Cambrage MAOIs, USA 


(6-7) Particular forus on the geminal ar 1 
diuoro group, motivated by its fae synthesis 
from simple carbonyl compounds, has show- 
cased its useful properties as a chemically 
inert isostere of a variety of polar functional 
groups (8). The difuoromethy! group (CHI 

bats the adlitional feature of bearing slightly 
acidic C-H bond, allowing it to act asa lipo- 
philic hydrogen-bond donor (9) and, by ex- 
tension, asa bioisostere for aleohols and thiols 


RESEARCH 


(ig, 14) (6). Diluoromettyt group incompors: 
tion into molecules can therefore eomfer the 
advantageous effects of uorination, such as 
modulated bioavailability, metabollestabil- 
ity, and lipophilic, while ako introducing or 
retaining a key rengnition element for bioloxic 
‘args 

‘Stereochemically defined hydrogen-bond do- 
rors are often critical comtibutors to specific 
interactions of bioactive small molecules with 
chiral receptors (eg, enzymes and proteins) 
For difuoromethlated compounds to be fly ex 
‘pleted as bioisostees of protic functional grouns, 
‘practical methods fr ther steeocontolled prep- 
fration are needed. However, no broadly efec- 
tive stntegy forthe construction of enuntioeniche 
tertiary and quaternary centers beating CHF, 
sruups has emerged. To date, elaboration of pro- 
‘hima electrophiles bearing preinstalled CHF, 
‘groups has been the most widely staed strategy 
forgenerating enantioensiched CHE containing 
small molecules (Fg. 1B) 10-19). Deoxyuorina- 
tion oaks (14-16 ia conceptually straght- 
forward approach to constricting CHE, groups 
‘but wbranched chiral tertiary aldehydes are 
prone to epimerization and other decompos: 
ton pathways (05 17,18), whereas w-quaternary 
aldeiydes are susceptible to rearrangement re- 
actions (14, 19-2) (Fig. 10). Other established 
methods for gem-difworination, such as huo- 
rodesulfurization of dithianes or dithilanes, 
have not been widely applied to the synthesis 
‘of compounds bearing CHF. groups bound to 
tdfined stereogenic centers (22,29). Although 
moderate progress has been achieved in the 
development of enantioscleetive methods tur 
‘geting Cyt-Conr, bond construction, these ap- 
proaches general require the use of a CHE, 
‘equivalent that must be unmasked ina separate 
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Fig. 1 Previous and current approaches to difluoromethylation. (A) The cifuorometty! group isa blssestere for alahols and other pratc functional 
(B to D) Report strategies forthe preparation af enanticenrched cfluoromethylated products. (E) Aryl iodide-catalyzed enantioselective eifuernation of 
Ccnnamate derivatives. L2_Difurnation occurs via anchimeric assistance by the carbonyl group, whereas LL-cfluornation is achieved through sheletal 
rearrangement via 3 phenenium ion intrmediat 
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‘operation (Fig, 1) (24-26). A straightforward 
and general approach to enantioenriched di 
‘uoromethyl group-bearing building blocks 
‘rom simple starting materials would facilitate 
the preparation of a wide array of molecular 
architectures containing the CHF, biosostere, 
‘We report here the direct, catalytic, and highly 
‘enantioselective conversion of strenes to ver 
satile chiral building blocks containing difuo 
romethyl groups. 

Direct difucrination of alkenes provides 
‘nonobiows, but potentially powerful, approach 
to the stereoselective synthesis of diftuoro- 
methylated compounds. In particular, hyper 
‘alent indoarenes have been demonstrated to 
mediate the 1,L-diluorinative rearrangement 
(of both eyelic (27) and aeyelic (28-31) alk 
substituted styrenes through the itermediacy 
Of phenonium ion intermediates (eg, 111) 
(Fig. 18), and Kitamura and co-workers have 
‘reported a eatalytieprotocl for the eanversion 
of unfunetionalized, terminal syrenes to achi 
‘al difluorinated products (12). We considered 
that invention of an enantioselective eataytic 
dliluorinative rearrangement reaction ould pro- 
vide an afractive means to access usefl ral 
building blocks beating difuoromethy! groups, 
particularly if i could be extended to styrene 
‘derivatives possessing useful functional handles 
(ig. 1. 

‘We chose to examine cinnamic acd) deriv 
atives as candidate substrates because their 
diforinative rearrangement would generate 
‘ihetcally versitile, chiral aryl propionic aid 
derivatives as products. In this manner, we dis 
covered that two distinet pathways are aval 
fable in the difluorination of cinnamamides 
catalyzed by ary iodides. We have reported 
recently that the trisubstituted cinnamamide 
derivative 25 undergpes enantioselective and di 
asereespeciic 1-difuorination with HFepydine 
and m-thloroperbenzoie acid (mCPBA) inthe 
‘presence of chiral aryl iodide catalyst 1a (8, 3) 
However, if uryl migration via & phenoniam 
{on intermediate (HT) is favorable relative to 
nchimeric assistance by the neighboring amide 
‘group, then the rearrangement pathway dom 
inates and the 1,-ifuorination product is 
‘obtained. The later reactivity is observed in 
the reaction of the disubstituted ennamamide 
‘a, which undergoes the desired rearrangement 
reaction inthe presence of catalyst Ya to af 
{ford difluoromethylated pheny! propionamide 
3a (Fig. 1E). Remarkably, no 12-product was 
‘observed in the difluorination of a, nor was 
1L1-produet detected in the diftuorination of 
2s; recovered starting material and uniden 
tified by-products accounted for the mass 
balance ofthe reactions, and no products re 
sulting from direct exidation with mCPBA were 
‘ented. 

Resorvinol-hased frameworks related to 1a 
have been used extensively as effective tem 
lites in a range of hypervalent iodine mediated 
asymmetric alkene difunetionalization reac 
tions (35-00), In the difluorination of cinnama 
‘mide derivatives (Fig 1}, we observed thatthe 
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presence of benzylic substituents at the cata- 
Inst stereogenic enters as in Ia is essential for 
obtaining high enantioselectvty. As discussed 
below, we propose tht the polarzable aromatic 
groups enhance stereodifferentiation through, 
specific attractive noncovalent interactions. 
Introduction of benzylic groups atthe ester 
position as in 1b did not have an analogous 
beneficial effect om enantioseletvty bt lel t0 
fan increase in reactivity, allowing reactions to 
be conducted at reduced temperatures with can 
comitant improvements in enantiomeric excess 
(ce: ee tables). Under optimized conditions, 
the conversion of einarmamide 2ato a could 
bbearcomplished ona gram stale with high (90%) 
enantoeeectity 

In an examination of the scope of the ditu- 
trinative rearrangement reaction eatalyzed by 
1h, high enantiselectivities and good yields 
‘were obtained with a variety of einnamamide 
derivatives (Fig. 2), The low temperatures re- 


‘quired to attain optimal e's (-20* to -50°C, 
‘depending on the substrate) were maintained 
convenient using commercial ireulatory baths 
Primary, secondary, and tertiary einnamamides 
all underwent highly enantioselective reactions, 
although lower yields and higher levels of by- 
‘product formation were observed with the tr- 
‘ary amides Cinnamate estes were also oxidized 
succesfully to the dftuoromethyt-containing re- 
arrangement products (ke to Sn), albeit with 
slightly diminished yields and enantioselectiv- 
itis compared with the corresponding primary 
‘énnamamides. Simple styrene and stilbene de- 
rivatives lacking conjugation to carbonyl groups 
also underwent oxidative rearrangement suc- 
cessfully, although the resulting nonerystaline 
products $0 to r were obtained with more 
‘modest (64 to 77%) enantioseletivites. 
Engagement of S-disubetituted styrene sub- 
strates in the rearrangement reaction would al- 
low construction of quaternary diluoromehyated 
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Fig. 2. Substrate scope with j-monosubstituted styrenes. Reactions were conducted cn LOS mmol 
scale with 11 to 13 equivalents of mCPBA and 111 equivalents of pyr-SHF (py is pyridine: folate 
(els ar reported, The absolute configuration of 3h was aigned byway erystalography (structure 
shown), and the configuration of al other products was assigned by analogy "Reaction conducted at 


“20°C reaction concicted at ~€07C: 
conducted at -5O°, 


reaction conducted with (Z}methy cinamate, 8, reaction 
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Fig. 3. Substrate scope with trisubstituted cinnamate ester deriva: 
‘ves and product elaboration. (A) Reactions were conducted on 204mm 
‘ese with 13 equvalents of m™CPHA ard IL] eqavaients of pyr-SHF: sted 
yields are reported. Reaction conducted for 168 hours , reaction cor 
‘ducted at "50°C reaetion conducted cn 068-mmal scale (B) Dversification 
of dilucrametiycntaning rocuts. Conditions: a. Sin tetrahydrofuran 
(THE for min followed EtsNand 0 at room temperature BHaecmethy 
sulin THF 65 for IBhours. thon HCL. hutylnitriein MeCNare HO at 
BO for 48 hears. [bis(ifucraacetnyjedo}eenzene (PFA) iv MeCI ara 


0 foe 36 hours at room ternperatur. than HO, L NaOH in #0, THF, and 
MeOH for 12 hours at rac temperature i (COD, NINmethylermamide 
(OMF, catalyst) in CH,Cl, for 6 hours at O°G: i, 4-brameaniline, NIN 
‘imethylaminopyriine (OMAP) in CH:Cisfor 24 hours at room temperature 
“EL RuCl (catalyst). NO, in MeCN and H,0 fr 2¢hours at om tempera 
iL 4-romeanine, (-eyane-2<thany 2-<onethyidenamnonry)demethiarine 
‘mexphlinocarberium heafuorophosphate (COMU), and isaprpylet yamine 
(QPEA) in DMF for 72 hours atoom ermperatreg ciscbutyriram hyde 
(BAL) in THF for 15 hours at OC 
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Fig. 4. Catalyst substituent effects on enantioselectvity. (A) Catalyst comparison revealing thatthe enantioselectivity in the conversion of data Sais 
correlated with the w-denor properties ofthe catalyst substituents. (B) Eyring analysis The ferential activation parameters were calculated using the folowing 
‘elatonship: Ife) = ~AaH/RT + AaS"/R [where R= LBB cal(mels), Ts temperature in Kelvin, and ex.s enantiomeric rat 
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storeocenters. However, trisubstituted ein 
namamide derivatives undergo selective an- 
chimeric assistance by the amide group en 
route to 12-difluorination products (ic, 28) 
(88) According to the mechanism outlined in 
Fig. IE, decomposition of intermediate TH via 
the phenanium ion rearrangement should be 
favored by the use of cinnamate derivatives 
Dearing less nucleophile earbonyl groups. I 
‘deed, trisubstituted methy! cinnamate deriva- 
tives were found to be extellent substrates for 
‘enantioselective oxidative rearrangement cata 
lyzed by tb (Fig, 8). As illustrated with 4a, 
comparable results were obtained on both 
‘mmol and gram sealein good yields. Although 
‘lectror-ich arenes sueh as phenols are incom- 
patible with the oxidative hypervalent iodine 
‘conditions due to dearomatization pathways (0), 
suitably protected derivatives such asthe acrtate 
4g were found to undergo the desired diftuor: 
nation to produce 5g in high enantioscoctivit 
and yield, The allyl substituent of the einna- 
imate ester could also be varied without det 
mental effet on reaction outcome (5) 0 SI), 
further underlining the wit ofthis rearrange 
‘ment approach for the synthesis of sterieally 
congested stereacenters. Low reactivity was 
‘observed inthe difluorinative rearrangement of 
‘S-chloropropy|-substituted 4m, suggesting that 
‘adatvely longzange inductive effects ean infha- 
‘ence the susceptibility ofthe alkene tothe ox 
dation reaction This deactivating effect soft, 
‘however by introduction ofan electron-donating 
sroup on the aromatic ring of the substrate as 
inn. 

“Te products ofthis asymmetrie reaction can 
be elaborated through a variety of synthetic 
‘manipulations without compromise of enantio 
‘meric integrity ig. 9B). Cinnamamide<derived 
‘Sa was reduced in high yield to alcohol 6 or 
primary amine 7. Although erosion of stereo- 
‘chemical purity was observed in the hydruisis 
‘of $a under acidic conditions, dizotization with 
tert-butylntrite and hydrolysis under neutral 
conditions provided 8 with retention of e«. 
“Hoffman degradation af $a provided 9 in excel- 
lent yield and complete preservation of optical 
purty. Quaternary difuoromethy-containing 
building black 6a lacks an acide c-proton and 
‘is therefore aot prone to epimeization under 
‘saponification conditions The resulting carbox- 
vic acid was converted easily to amide 10 via 
the acid chloride Ruthenium caalyed oxiation 
of the arene and subsequent amide bond for- 
‘mation provided 11 with preservation of stereo- 
duemical purty. This reaction sequence allows 
{or the synthesis of synthetically versatile, chiral 
‘malonate derivatives bearing diluoromethylated 
quaternary steeocenters. 

‘As noted abeve, pronounced enhancement 
{in enantioselectvity is observed in diftuorina 
tive rearrangements using catalysts bearing 
benzylic (.e, ta and 4b) versus aliphatic sub- 
stituents (ee table SI). We hypothesized that 
attractive cation interactions might play’ a 
tole in the selective stabilization of high-energy 
cationic intermediates and/or transition struc- 
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tures in the hypervlent iodine-catalyzed reac. 
tion, and we sought to evaluate this posiiity 
by tuning the ronating ability ofthe exalts. 
‘The incorporation of more electron-rich oF 
polarizable aromatic substituents into the eat- 
lyst was not a viable approach because these 
iroups are inenmpatible withthe strongly cx 
dizing reaction medium. However, the more 
clectron-deficient 34,5-trfluoropheny! analog 
1d (Fig. 48) could be evaluated and was found 
to be markedly less enantioselective than 1b, 
fas expect if cation interactions play & pro 
ductive role in modulating stereocontrol (4). 
Eyring analysis in the 23° to 46°C temperature 
range of catalysts Yb, 1e, and 1d for reaction, 
fof substrate 4a was performed in order to 
tlean additional insight into the basis for 
‘enantioinductian (Fig. 4B)-For each catalyst, 
‘enantioseleetivty was found to be enthalpical- 
Jy controlled, with a relatively small entropic 
‘compensation. The significant difference in the 
differential enthalpy of activation (AAH*) be- 
tween Ib and Yes difficult to ascribe to steric 
effects alone, and it suggests instead a selective 
stabilizing interaction with Bb in the transition 
state leading to the major enantiomer (42). To 
the extent that it exists, this stabilization is lost 
‘with weaker edonating catalyst 14, as reflected 
in a AH value more similar to that of 1e 
“This analysis is consistent with a more elctron- 
donating r surface contributing to the high 
‘enantioseectivity in the L1-iluornation reac- 
tion, and it raises the intriguing possibility that 
‘ation interactions might be used to modulate 
‘enntoselectivity in other hypervalent iodine 
rmediated alkene oxidations. 
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MARTIAN GEOLOGY 


Large wind ripples on Mars: A record 
of atmospheric evolution 


‘MG. A. Lapotre,"* R. C. Ewing,* ML. P. Lamb,’ W. W. Fischer;* J. P. Grotzinger,* 

D. MI. Rubin,? K. W. Lewis,* MJ. Ballard,* M. Das," S. Gupta," . G. Banham," 

IN. T. Bridges,’ D. J. Des Marais,” A. A. Fracman,”? J. A. Grant," K. E. Herkenhoff,"* 
D. W. Ming,!* M. A. Misehna,? M.S, Rice, D. A. Sumner," 

ALR, Vasavada,” R.A. Yingst!* 


Wind blowing over sand on Earth produces decimeter-wavelength ripples and hundred-meter— 
to klometer-wavelength dunes: bedforms of two distinct size modes. Observations from the 
Mars Science Laboratory Curiosity rover and the Mars Reconnaissance Orbiter reveal that 
Mars hosts a third stable wind-driven bedform, with meterscale wavelengths, These bedforms 
are spatially uniform in size and typically have asymmetric profiles with angle-ofrepose lee 
‘slopes and sinuous crest lines, making them unlike terestrial wind ripples. Rather, these 
“structures resemble fui-drag ripples, which on Earth include water-werked current ripples, but 
‘on Mars instead form by wind because of the higher kinematic viscosity of the low-density 
atmosphere. A reevaluation of the wind-deposited strata in the Burns formation (about 
37 billion years old or younger) identifies potential wind-drag ripple stratification formed 
‘under a thin atmosphere, 


cforms are repeating topographic forms | formation mechanisms (4-6), bedforms area pet 


‘na granularsurface that arse beeause of 
interactions between the sediment bed, 
sediment transport, and fluid flow (D, Bed 
forme tpiealy manifests ripples or dunes 

made of sind mobilized by air or water. They 

create spatial patterns that are recognizable on 
the surfaces of Venus, Earth, Mars, Titan, and 
comet 67P (2,3) and leave stratified sedimentary 

‘deposits. Because their morphology depends on 
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mary means to rconstract active and ascent at 
‘oepherie an! hydrlogie eonltons 

‘Wine liven oan bedforms on Earth display 
‘wo distinct seals: dvimeterswveengsh snd ip 
ples and hundred-meter- to kdometersvedengt 
dunes (4,7) (Fig. 1A, Grain-impact processes are 
thought to dominate the formation of wind rip- 
ples, whereas dune formation involves an aro- 
‘dynamic instability (6) Orbital observations of 
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Mars also show the superposition of io distinct 
scales of ective bedforms (Fig. Uh and fg $2) (8. 
Martian dunes form atx similar wavelength as 
fon Earth; however, those dunes are ubiqui- 
tously mantle with bedforms $m in wave 
length (hereafter referred to as lange martian 
ripples) (9: 

‘Large martian ripples were thought to have a 
similar origin to decimmeter-wavelength elian n= 
pct ripples on Earth, but to be larger on Mars 
Prcause of iferenesin saltation alist hopping 
‘of,rains)(6)-An implicit assumption under this 
hypothesis is that small wind ripples should not 
‘coexist with lange marian ripples. Until meen, 
‘te spatial existence of thre sales of bedforms 
‘ould not be tested breause the reson of orbit 
al magery wis to coarse [25 to 50 em per pel in 
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High Resolution Imaging Experiment (HiRISE) 
images (10)] to detect decmeter-scae ripples and 
‘overs had not visited active dune flds only snd 
sheets and eoarsegrained ripples (1, 12, 18)-Ob- 
‘servations made bythe Curiosity rover (4) at an 
active dune field (the Bagnold dune il) 15) in 
(Gale crater now show that large martian ripples 
are not simply lager versions thedesimeter scale 
‘wind ripples seen on Earth, Rather, we observe 
dcimeter-seale ripples superimposed on larger, 
meterscale ples, which aein turn superimposed 
‘on dunes (Fg. andi 2), Thus two table ipl 
‘se berms exist on Marsal both are supe 
‘impose on dunes in contrast othe singles 
‘ofsuperimposed teresrial ripples, 

‘Mast Camera [Masteam (14) images collected 
‘ny Curiosity indicate that lange martian ripples 
have morphologies unlike those of ealian impact 
‘ripples. Terrestrial impact ripples have straight 
‘retines create by lateral rain splash (2) and 
‘relatively subdued profiles (17) In contrast the 
large sippls ofthe Bagnall dune field havesinaous 
crest lines and asymmetric topographic profiles 
‘with dstine upwind (toss) and downing (lee) 
slope angles. Furthermore the stos slopes of the 
large ripples are mantled by small-seae ripples 
‘witha wavelength range of ~5 to 12 em, whieh, 
‘based on ther straight erestlines, we interpret 
as impact ripples similar to those of Earth (i 
1,Cand D), This interpretation iseonsstent with 
recent numerical modeling that prediets that 
‘martian impact ripples should have decimeter- 
scale wavelengths (15). In contrast, the eests of 
the lage ripples are sharp and give way down 
slope to angle repose sip faces slopes dipping 
~30" dawning fg. SSA) marked bythe presence 
of grinflows [small valanche deposits Fg. 1D) 
indicating recent activity. The presence of grtin~ 
{al (.,sund that settles out onthe le slope) and 
‘deflected impact siples on the le slope indicates 
the aerodynamic influence ofthe large ripples 
‘contemporaneous with smallipple migration 
(Fig 1D). 

‘We compiled a comprehensive multiscale data 
setofeolian bedform wavelengths on Mars by 
‘combining remote measurements from Iimartian 
sites (fig. 1 and tables S1 and 82), with rover 
‘measurements frm stereo imagery in Gale crater 
(Ge 85) (7). Our statistical analysis confirms that 
‘Mar ss an ational befor vavelength mde 
land that moter seal ripples are absent inter 
‘retrial eolinn landscapes Fig, 2 and table $8) (7) 

‘ange martian ipl arent simply small dunes, 
beens thy maintain a stable size, whereas meter 
‘wavelength dunes, which are rare on Earth, owas 
they translate donenwind (6) ie 88 versus ig 54), 
{Large martian ripples manted with impact riples 
also cannot be explained as large versions ofter- 
‘estral impact ripples forming by lange salation 
(1,19): n0 exiting model can reproduce the eo- 
‘existence and coevolution of two scales of impact 
‘pples (20) (supplementary online text). Moreover, 
the arge-ripple morphology differs significantly 
‘rom that of impact ripples An alternative inter- 
Dretaton ofthe lange ripples tha they are coarse~ 
rained ripples (21). However, images from the 
‘Mars Hand Lens imager [MAHILI (2) show well: 
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sorted large ripples up the dune’s stoss slopes 
(Fig. 12, with very fine to medium sand and no 
siguileant gain size ferences between the small 
and large ripples (Fig. 1,Eand F)Thus, neither 
the impact nor the coarse-grained hypothesis 
really explains the eoexistence of two distinct 
‘equilibrium scales of active ripples composed of 
Sediments of similar size. 

‘Their stable size, sinuous erests, and asym- 
‘metric profiles with avalanche faces make the lags 
‘martian ripples morphlogsaly sila to teres 
trial subaquecus current ripples (fig. $6), also 
called uid drag ripples (22) (supplementary text). 
Ifthe large martian ripples form aerodynamically 
[le wind-lrag ripples (, 28), then theory de- 
‘eloped for current ripples should predict their 
scale once adjusted for martian eonitions. De- 
fades of flume experiments (24, 25) have led to 
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Fig. 2 Distinct modes of eolan bedforms on 
Earth and Mars. Secor vavelength cstiuton 
fon (A) Earth (n= 1973 bedforms), (B) Mars frm 
fret (7 = 2420 bedforms: the shaded area 
below the mit of detaction), and (G) the Curiasty 
raver (n= 44 bets; the shaded area is cor 
Straned by perspectne from the ground) (7). 


sealing relations for current ripples (25,26). 
Folloing the theoretical framework of (25), we 
cast ripple size data in terms ofthe dimension- 
less eurent ripple wavelenath, At = 2 where, 
{is ripple wavelongth is kinematic tid vise, 
1, isbed shear velocity, and vu, is proportional 
‘tw the viscous sublayer thickness (25), whieh is 
‘function ofthe parameter Re, [where Ke, i= 
particle Reynolds number ands Shields sree 
(6g. S7 and supplementary text). These dimen- 
sontess variables provide a complete description 
of vipplesize sealing that accounts for tu and 
sain properties and for gravity. A lange database 
fofeurrent ripple wavelengths (25), updated here 
tw include results from high-viscosity Mui (24), 
ilstrtes that 


0 
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(ig. ). To compare the predictions of fuid-drag 
‘pple wavelength tothe large martian ripples, 
wwe ealelated Roy V& and * fr all compiled 
martian betforms (supplementary tex). Ress 
‘Show hat winding ripples on Mars are priced 
to be much larger than the decimetersale impact 
ripples because ofthe high kinematic viscosity in 
‘Mars low-density atmosphere; furthermore, the 
‘wavelength of the large martian ripples is eonsit- 
ent with ni-drag theory (Fig 3) across a range 
fof elevations with iferent atmospheric density 
(fg. $10). 

Because wind-rag ripples are predicted to be 
smaller in thicker atmospheres identification of 
‘these bedforms in ancient sedimentary rocks (27) 
offers the potential to reconstruct atmosphere 
loss and the global drying of Mars (28)The mi- 
ratio of bedforms produces erosstraifieation 
‘sedimentary rocks, which ean be sed to dter- 
‘mine their original three-dimensional geometry 
Based on morphology and scale, and using a kine 
maticmodel 20) (Fig. 4), we expec sina wind 
drag ripples formed under present-day martian 
atmespheric conditions (30) to form decimeter- 
thick trough crosssts, grouped into langersots 
formed by overall migration ofthe dune (supple- 
‘mentary text). Large-ipple stratification should 
‘be distne from that ofeompound wind dunes or 
‘coarse grained siples because eompound dunes 
‘donot maintains persistently stablesizein the 
down-dip dretion fg, 3 versus fig. 54) and typ- 
jealy form thicker erasssets, and coarse grained 
ripples leave recognizable coarse-grained lags. 
‘Stratification from the large ripples might also 
resemble that of subaqueous ripples and dunes. 
However, identification of distinctive wind pple 
strata [inversely graded miimeterthick contin- 
‘vous layers (3) coexisting with both decimeter- 
scale erosssets and meterscale dune troughs 
‘would enable the definitive interpretation of a 
colin origin, whereas other contextual support, 
such as aval bar sets, desiceation cracks, and 
saft-sediment deformation, would characterize 
‘wet environments (27) 

Canitidate wind-<dig ripples were observed by 
‘the Opportunity rower at Cape St. Mary Victoria 
crate, in the Burns formation (Fig, + and sup- 
plementary text) (32) and were recognized as 
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Fig. 3. Scaling of fui crag 
ripples. Dirensorioss bec 
foxm wavelength as a func 
ton of particle Reynolds 
number, Rep. and Shields 
stress, quantities that 
control fui rag ripple 
size (25) (arent recs 
bus cele; theory. lack 
tne). In contrast to mar 
tian eunes (pink squares) 
‘and small martian naples 
(erange triangles) ze 
‘martian npples [red 
diamonds, n = 7280 
bbedtorms, measured 
‘over 36 locations globally, 
including our measure ‘ 
‘ments (7) ard those of 

(28); the re star nd 

cates rover measure: 

rents at Gale crater] ratch fd crag rie theory. Syrbels are means and err bars represent standard 
dloviions ata gen measurement ste: evar bars are smaller than marker sie where nt shown, 
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Fig. 4. Candidate wind-drag ripple stratification on Mars. (A) ars Exloration Rover Pancramic 
(Camera 25) image (P2441. sol 1212) of Cape St. Mary outcrop, Vetoria crater, Mars The wits box shows 
the lation of () decimaterscaletrousheroserata and (G) an interpretation of strata features fram 
(©), () Uninterpreted (top) and interpreted (bottom) stratifeaton produced by kinematic medeing of 
compourd bedforms (29) Yellow Ines represent surfaces scoured by dune troughs, red ines represent 
‘erosional surfaces produced bythe migration ef wnd-dag ripples, and blue Ines inciate wind dag pple 
(core satiation, 
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cosets abounded by meters dune troughs. 
“The morphology, stale, contextual lationship to 
dlistintly larger bounding surfaces, and apparent 
hgh deposition rate (2) all support the hypothesis 
that this stratieation was formed by wind drag 
ripples The winlragrippe hypothesis therefore 
indicates substantial thinned martian atmos- 
phere during deposition of the Late Noachian— 
Early Hesperian Bums formation (Gg. SIO) (39, 
“Thisintermetaton sports models atmospheric 
loss based on carb isotope ealeulations (28) It 
{is also consistent with centimeter-scale trough 
‘rosetta in slfiate-rich sands in the lower 
‘Burns formation (27 that indicate subaqueous 
‘lows discharged from melt-or groundwater as 
‘brine of high ionic strength, rather than meteoric 
precipitation, due to the highly soluble sand 
rains (26, 94,35)-Although the relative ages are 
highly uncertain, our analysis suggests that an- 
cent lakes in Gale erate (36) might predate the 
inferred lowlensity atmosphere associated with 
the kiver Bums formation. Thus whereas aq 
ous activity can be local and sourced from the 
subsurface (8, widespread shifts in wind-drag 
ripple size ean indicate bal changes in atmos. 
phere density, and should prove an important 
‘srologcal indicator of the dying of Mars (gs. $8 
and $0) 
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‘SOLAR CELLS 


A vacuum flash-assisted solution 
process for high-efficiency large-area 
perovskite solar cells 


‘Xiong Li," Dongain Bi Chenyi Vi," Jean-David Décoppet,* Singshan Luo,* 
‘Shaik Mohammed Zakeeruddin,* Anders Hagfeldt,* Michael Gritzel"> 


Metal halide perovskite solar cells (PSCs) currently attract enormous research interest 
‘because oftheir high solar-to-electric power conversion efficiency (PCE) and low 
{fabrication costs, but their practical development is hampered by difficulties in achieving 
high performance with large-size devices, We devised a simple vacuum flash-assisted 
solution processing method to obtain shiny, smooth, crystalline perovskite films of high 
‘electronic quality over large areas, This enabled us to fabricate solar cells with an aperture 
‘area exceeding 1 square centimeter, a maximum efficiency of 20.5%, and a certified PCE of 
19.6%. By contrast. the best certified PCE to date is 15.6% for PSCs of similar size. We 
‘demonstrate that the reproducibility of the method is excellent and that the cells show 
virtually no hysteresis. Qur approach enables the realization of highly efficient large-area 


SCs for practical deployment. 


nthe span ofa few years, the power conver- 
sion efficiency (PCE) of perovskite solar cells 
(PSC) has risen from 3.8% (J) to 22.10% (2, 
‘which is unprecedented in the fd of pot 
voltae. However such high efcencies have 
been achieved anly with els of very smal tze— 
‘etween 0.04 and 0.2 ens*—sand few investiga: 
ts have attempted to fabricate larger area cells 
(G10). The use of small-area devices has raised 
some doubts on the remarkable progress of the 
PSC field because the measurement errors tend 
to increase a the ative cell re becomes stale. 
"Thus the development of PSCs witha mandatary 
‘minimum active area of >1 emis eguied forthe 
‘evaluion ofthis new photowatc (PV) technol 
‘ogy (5) At present, the best erified PCE af 2 
call with a sie exceeding the eitcal threshold 
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of em’ is 12.6% (1) beeause ofthe limitations 
bf current preparation methnds (12-15). Top 
performing PSC often are made with an anti- 
sobvent such as elorobenzene to precipitate the 
perovskite or its intermediate from its solution, 
‘which typically contains a solvent mixture of 
‘vbuprobicone (GBL} dmethyliormumide (DSP, 
and dimetiysulexide (DMSO) (3,7, 14, 16-19. 
“The antisolvent induces versaturation ofthe pe- 
roskite solution, but because the antisolvent i 
usually dripped in the enter ofthe flm during 
spin-coating, the result is a radial gradient in 
versturation; the spatially inhomogeneous mu 
‘Seaton ofthe perovskite or its intermediate ul- 
timately leads to defets in the perovekite fila 
(6, 20} tn addition, the antisolvents currently 
‘used ane tonic and harmful tothe environment, 
‘hampering their large-scale application (8,1). 
“Tus, alternative procedures for preparing lang 
area PSCs are warranted f thelr performance om 
‘lange device area sto be competitive with that 
ff inonganie thin-film photovoltaics 

We developed a simple und effective method 
to proce hie qualty perovskite fs for lang 


area PSCé by applying avacwum-ash treatment 
‘during the solution processing ofthe peruvskie. 
‘Our approach differs fom previous studies that 
‘used high-vacuumn methods for vapor deposition 
ofthe perokite (13,5) or for removal of reaction 
‘products (ie, msethylammonium chloride) by sub- 
Jimation during the thermal annealing of the 
‘lms (20.- Vacuum flash-asssted solution pro- 
cessing (VASP) isa method that enables the sud 
den and wellcontoled remo of sent, they 
‘boosting rapid enstallization of brows material 
that consists ofa Lewis acd-base-type adduct 
representing the perovakite precursor phase (0) 
{Upon thermal annesting, the precursor phase pro 
‘duces highly oriented, ctalline pervskte films 
‘of excellent electronic quality that can be grown. 
fon a variety’ of substrates (7-19). Furthermore, 
‘VASP allows deposition of the perovsste films 
fon large substrate sizes and ean be turned into 
2 continuous process. 

‘We achieved a maximam PCE of 205% and a 
certified PCE of 19.6% for large cll with square 
aperture areas greater than Y em which is eom- 
‘mensurate withthe 21.0% reached by todays best 
‘thins copper indium galium selenide (C1GS) 
and GiTe devices of sila size (29. Our method 
also eliminates the hysteresis in the current- 
voltage (7) curves, a notorious problem with 
PSCs (22), We tise the method with stata 
‘heart perovskites using formamidinium (FA) and 
‘mettylammonium (MA) snxe-stion and ide 
‘bromide mixed-anion perovskite formulations 
(26, 28) of composition FA MAy..PDa Bows 
“To demonstrate the versatility of the method, we 
also prepared the emerging cesium (C5*) and 
FA mixed-cation perovskite FACS, .PDI,Bry 
formulations (24-26) The VASP method is also 
readily scalable tothe industrial level 

‘The busi steps of perowskte fl fabrication 
bythe VASP method are shown in Fig 1A. The 
perovskite precursor solution, of composition 
FAysiMAnePblasBfo containing DMSO with 
‘4 nominal L1 ratio of lead to DMSO, was frst 
spin-coated on top of a mesoporous TIO, flm 
‘prepared as deseribed (16). The film was then 
‘laced for afew seconds nto a vacuum chamber 
‘boost rapid erystalization ofthe perovskite in 
termediate phase by removing mast of the res- 
‘dual solvents, consisting mainly of GBL. and 
DMEF. We observed thatthe pressure applied 
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Fig. 1. Perovshite fm deposition and device structure, (A) Scherati sation of ruceation ard 
cystalzation precedes cur he ferration of presi via vacuum fas-assistedsoiten process 
(VASP). (B) Schematic tustration ofthe perowste soar caf confguraten, where a srt and compact 
peowsit capping layer tly covers the mescparous slayer (mpTIC inflated wth prota. bATIOs TOs 
‘cormpact ye: (6) A rescuer cress sectional SEM image fa complet slr cel abet by VASP 


‘ring the vacuum Aas process as considerable 
influence on the perovskite film formation. We 
‘obtained optimal results with a pressure of 20 Pa 
land used this condition during further studies 
(Gig S1).The film darkened lightly after the VASP 
treatment and formed a transparent orange layer 
‘ofthe prrosite prensa We confimed the pres 
cence of DMSO in this transparent orange flm 
‘vil Fourier transform infrare spestoscop (Bg 
'2). Thus the intermediate phase represents & 
sis aci-base adduct of DMISO with the ikely 
‘cxmpostion DMSO-PbI BFAD {ABD 
(2, 17-19), Fuster analysis by searing electron 
ricutopy (SEM) showed that this intermediate 
Preduct consisted of nanofibroasagaregates fi 
'9), which upon annealing for 30 min at 100°C 
transformed into the shiny, smooth, and highly 
cenptlline perovskite layer. 

‘We spineoated a holetransporting layer 
‘onto the perovskite lm [220.779-4trakisNN- 
ddigp-methoxyphenylamine)-99-sprobiftuorene 
(spito-OMeTAD) containing ter-butylpridine 
(@BP) and lithium bis(rifuarometiylsulfony!) 
imide (LITE as an adltve} (0) Finally, an 
‘SO-nm gold layer was evaporated on the hole 
transport layer to produce the fll devie. We i 
Instrte the mesoseopicplanar bilayer device ar 
chitecture in Fig, 18 and show a emass-ectional 
‘SEM image of this embodiment in Fig, 1. 

SEM images reveal stark diferences between 
the FA q.MAg Pils Bry perovskite fms with 
‘out and with vaeuumdash treatment (Fig. 2, 
and B). The top view (Fig. 2A) of a lm prepared 
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by the conventional single-step solution depasi- 
tion process without the yacuum-fash step (ab- 
brevated as CP) (27) shows that the mesoporous 
“TO, was not fully covered by the pero Pig 
ment aggregates formed islands surounded by 
‘numerous pinholes, apparently because the fm. 
\dewetted during the formation ofthe perowskite 
(28). The VASP method yielded homogeneous 
‘lms without pinholes; the THO, was fll cored 
by the poroskite grains with sis berween 400 
and 1000 nm, wiich greatly exceeds the grain sia 
tf fils prepared by the CP method. This i 
lustrate by the topview SEM image shown in 
f, SUB. The cross-sectional SEM images (Fig 20) 
confinm the diference in morphology between 
‘lms subjected and not subjected to VASP. 
Without varuumeflach treatment, lange frae- 
tion of the TiO; remained exposed and only a 
tt was covered by the peste, but VASP was 
applied, the peroeskite was well initrated into the 
‘mesoporous TIO, film and formed a enntinuous 
“THO,peromsite nanocomposite that was covered 
bya contigs and compar capping ler ~400 nm. 
thie The sizeof most ofthe perowhite exystal- 
lites in the capping layer vas commensurate with 
fs thidness and most of the gain boundaries 
‘were perpendicular to the substrate to mninimize 
the grain boundary energy (29) Henoe, very few 
smn boundaries are visible within the plane of 
the eapping layer. As shown below, the small 
mount of gain boundaries retarded nonradiative 
charge carrier recombination, which enhanced 
the open-circuit voltage (V,) of the ell (1) 
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‘To further sertinie the uniformity of the 
‘VASP-neated FAjgMAy Playas PEMOMSte 
film over large areas, we performed atomic force 
microscopy (AFM) to asses the surface roughness 
of nine square-shaped spes(each 10 yam » 10 ym, 
in sie) that were uniformly distributed over a 
film surface area of em’ typieal AFM topog- 
raphy of one of the spots i illustrated in the 
left panel of Fig, C. The apparent grain sie 
observed in the AFM image is cnsistent with 
that seen in the SEM image in Fig. 4. Further 
more, all nine spots showed about the sume 
root mean square roughness value of $0: 5 nm, 
reflecting a promising scalability ofthe VASP 
technique with respect to morphological ean- 
trol of perowkite thin films 

‘The SEM top view of the fresh film treated by 
‘VASP (fig) holds vital clus about the forma- 
tion ofthe high-quality perovskite polyerystalline 
film from the intermediate phase. The image r= 
veals the presence of parties consisting of ag- 
lomerated nanofibers. The nanofibers ae ikely 
1 perowhite adduct with the DMSO solvent, af 
ompesition DMSO-POI y-(FAD a MAB 
(GS). Hoses the nanofibers, afew bight par 
tikes wee observed tht probably represent percn= 
‘hte grains. Upon annealing at 100°C the brows 
intermediates rearranged and coalesced via the 
Ostwald ripening process to minimize surface 
energy which led to a homogeneous polverstal- 
line fil with large perovskite gains and an op- 
timized crystal orientation (7). This mechanism 
agrees wel with the cross-sectional SEM image 
ofthe VASP treated perovskite film. During the 
‘anventional deposition proces, the spin-coating 
ofthe perovskite precursor solution resulted ina 
metastable film containing residual solvent (such 
as GBL or DMP). The subsequent annealing of the 
film above its glass transition temperature in 
‘reas the mobility ofthe perovkite precursor. 
‘whieh resulted in dewetting and uncontrolled 
morphological variations as well as a wide ange 
‘of gin ize distribution (28, 3). The VASP treat- 
rent prevented dewetting beeause fash evapo- 
ration ofthe solvent augmented the viscosity and 
sass transition temperature ofthe Mud thin fm 
(part from ovesaturating the solution) and pro- 
‘duced a burst of perovskite precursarenystals The 
Intermediate formation ofthe DMSO adduct 
‘arded the ental growth and increased the pero 
skits grain size during subsequent annealing (19. 

“The xray diffraction (XRD) spectra of the 
Fagg MEA PB 4 eerste films (Fig. 0A) 
prepared by both methods show thet for flms 
‘prepared bythe VASP method, the perovskite re- 
‘ection at 20 14.15° was 6 times ne intense 
as the intensity ofthe peak from the Nuorine- 
doped tin oxide (FTO) at 29 = 3773 whereas 
{or films prepared by CP, the ratio was only LAL 
“This diference arises fom the much superior 
shielding ofthe FTO serving a electron collector 
(ig. 14) bythe contiguous and compact character 
of the perovskite capping layer formed via the 
‘VASP method, The CP reference simple lacked 
homogeneity, whichis apparent from the photo 
raphe ofthe two films (Fg. 3, inst) From the 
KXRD speci, we inferred that the yacuumlash 
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Fig. 2. Microscope images. A and B) Surface (R) and cross sectional (B) SEM images ofthe perowst fs fabricate by the conventional process (CP) and 
VASP (C) LefeTypeal AFM mage of VASP treated perovskite lm taken from one ofthe rine square sped pts each 10 ym «10 ym. Right: Optical image of 
the whole squarench-size perovskite fim, Tha yellow squares mark the locations ef the nine spots onthe surface of the perovskite ayer examined by AFM 
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Fig. 3. Additional analyses of perovskite films prepared by the CP and VASP methods. (A to ©) XRD pattems (A), UV vs spectra (8), and me escived 


photoluminescence (PL) decay (C) of representative perovskite films deposited on FTO covered by a compact Docking layer an a mesoscopic scaffold af 


0, 


ung VASP (ted trace) ae CP (black trace), Time-resaved photoluminescence dynamics was performed by monitoring the phatoluminescence frm the bu 
peroiskite (crite rom the sie ofthe capping layer) at 760 nm: the green nes are fits to Ea, 2 


treatment also affects the crystal orientation 
‘Thus, the rato of relative intensity of (11) to 
(120) (012) difaction peas (31) nereased fom 
0 for the CPleposited film to 9.3 for the 
‘VASP treated flm. The peaks are stronger and 
shurper forthe flms treated by VASP; the fall 
‘width at half maximum (FWHD) of the (11) pele 
‘eereased fom (116° for CP to 0.1 for VASP, 
reflecting the expansion of the mean size of pe- 
rovskite crystallites from 68 to 109 nm. These 
results indicate thatthe vacuum flash treatment 
‘an simultaneously improve perovskite crystal 
linity and grain size 

Figure 38 shows ulavilet-vsble (UV) ab- 
-znption fr the perowdte fms The smooth cam- 
prt morphology of the VASP perovskite me 
Te toa much stronger akeorance than the CP re 
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cence sample inthe 800-to 800m range Tine 
‘enki photluminessnce dest maswsiements 
(ig. 80) of the perovskite bund-rap emission at 
7a0 nim allowed us to derive quantitative infor. 
‘mation on the dynamics of eharge earner r= 
combination in the peste fms Much faster 
‘hotskuminesomne der was seen forthe CP re 
ference than for the VASP treated film. Neglect. 
ing Angerype recombination, we describe the 
Kinetics of charge carrer recombinatin by the 
liferential rate law, 


kunt ha 0) 


where and k, are the fist- and second-order 
rate constants for nonradiative (tap-contolled) 
fd bimolecular radiative recombination of ege 


carrer, respectively. Integration of Eq, 1 yields 
Eq. 2, where 2 and m denote the concentration 


of charge cavers at time Oand 
ye 


From fiting the luminescence deays in Fig. SC 
‘othis ate equation, drawn as solid line through 
‘the datapoints, we obtain the valus of the rate 
‘constants forthe nonradiative decay processes: 
y= 10"s'and ky =8 10's "forthe CPand 
‘VASP ms, respectively. These values imply that 
‘the nonradiative recombination yas slower by a 
factor of ~# in the VASP treated film, The slower 
nonradiative recombination arising from the 
lower defect concentration should entail an 
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Fig. 4, Photovoltaic characterization (A) PV mts or 20 deo abiatod 
by the CP ard VASP methods (B) Current vltage (-V) curves forthe best 
perforrang devices using peravskte ls prepared by the CP (lack or VASP 
(red) mathed, measured under standar AML sear radiation. (C) Soll lines 
‘re CE curves of calls tabricatd by the CP (blak) ar VASP (ed) method 
Measurements were taken with chopped mancchramaic ight under 2 white 
light bias corespanding to 5 solar intersty. Dashed ines show J, caldsted 
from the evap integral af the IPCE spectra with the standard AMS solar 


increase in Vig and the average Vu of the 
perevakte cells prepared by VASP was 192 mV 
larger than that of the reference Fig 4A) (0, 
‘We fied menspiepnar PSCS sing pee 
shite thin Sims of compsiton FADIA Poh Baas 
slight harvesters and evaluated the PV metrics 
ff the devices by measuring thelr photocurrent 
density versus voltage (JV) eurves and their 
incident photon to-current comersion efficiency 
(PCE). We also tested their stabilized maximum 
power output. We eovered devies with an active 
area of L44 cm” by a black mask with an aper- 
tute area of 10 em x LO cm, Tables Stand $2 
‘provide statistical data on the PV metrics ofthe 
PSC As shown in Fig. 44, VASP realy improved 
device performance and reproducibility relative to 
the CP method. The average PCE far 20 control 
PCS fabricated by CP was 9.62 = 0.67%, with 
an average short-cireut photocurrent density 
1225 + 049 mA cm *, Vie = 998 + 15 mV, 
(0.58 = 0.08. For the VASP 
films, the average PCE more than doubled to 
19558 = 0.37%, with an average Je = 2812 = 
0.28 mA em, Vue = 190-2 8 mV, and FF = 
(074 = 001 J--curves are shown for the best 
cols in Fig 48, The substantial performance im- 
‘provement induced by VASP is reflected in the 
‘values forall the PV metrics. The best cell pro- 
duced by CP gave a PEC of 10-79%, corm 
sponding to J. = 1560 mA em Vue = $49 mV, 
land FF = QL The values forthe VASP peroekite 
film were Ji = 2819 mA env, Vie = 181 mV, 
and FF 076, reaching a PCE of 20.8% under 
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standand AMLS solar illamination. Figure 4C 
shows TPCE over the spectral range from 400, 
to 800-nm, The VASP technique achieved! much 
higher TECE values than the CP method, matching 
the difference in device photocurents obtained 
fom these two procedures Integration of the 
IPCE spectrum aver the solar emission yields 
AMLS photocurrents of 232 and 178 mien? 
for the VASP and CP reference devices, respec: 
tively, in excellent agreement with the mensured 
J values; this finding indicates that the spectral 
‘mismatch between our simolatnr and the ae 
AMIS solar emission is negli small 

‘We used different 1 sean directions to ex 
amine the hysteresis of our cells fabricated by 
VASP (Fig 4D) The PCE difference between the 
forward and reverse scan was as smal s 1% in 
absolute PCE values, reflecting negligible bys- 
teress, The enlarged perovskite crystal size and 
improved crystalline quality eliminated hysteresis, 
ely by reducing the overall bulk defect density 
and suppressing chang trapping during solar cell 
operation (82,38). 20% stained PCE output 
‘vith a photoeurent density of 21.25 mA em? ws 
achieved for the same lang-area device in Fig. 4D 
(fg. $2, indicating that the PCEs obtained in 
forward and reverse seins at @ outine smn 
condition are near the real pesfarmance. We also 
measured J-V curves five clfferent small spots 
(each 04cm » 04cm) located at the center and 
the four corners ofthe device active area (Fig, 
‘42, all the PV metries including J, extracted 
from these five curves bya black mask with 3 
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‘emission (B)_.Vcurves forthe bes al ftcatd by VASR record never 
(Grom Vo 0) an forward (ram J 0 Vi) scanning directions, Inset PY 
‘metrics derved fram the twa /-V cures as wel as ther average PCE. (E) PY 
parameters ora representative FaoaMAcsPbls sox based porate device 
fabricated by VASP measured fram fe diferent spots wih an aperture area ot 
(Oi6 er esectac fromthe tot active area of L2 cm » 12 em under starard 
ANLE lamination. A Vcurves were ecoced a scanning rat cf SO m= in 
the reverse rection uress stated athenvce. 


square aperture area of 0.16 em’, were almost 
‘dential (table 88); the values of Je show very 
small variation when the square aperture area 
fof the mask is increased up to 1 em? (Hg. 55), 
attesting to the uniformity of the perowkite 
fim over the square-centimeter sale, One of our 
LO em = LO om deviers was tested by an acer 
lite PY test laboratory (Newport Corporation 
PV Lab, Bozeman, MT, USA), which eertifid its 
PCE to be 19.9%, with Je = 2.60 mA em, Voc = 
1149 Y, and FF = 0:76 (fig. $0). A preliminary 
stability investigation showed that the devices 
are stale in ambient conditions, their final PCE 
fever increasing slighty afer 29 days (Bg. S7 and 
‘able $4), Figure S8 compares the stability of 
‘bo typical devices prepared by the VASP and 
(CP methods under light soaking with AMS ight 
‘of 100 Wim? intersty. Aer 100 hours of cor 
‘uous dumination, the VASP device and CP 
standard retained 90% and 70% oftheir initial 
performance, respectively, showing the supe- 
Hor light resistance ofthe VASP-based ed 

‘We also produced FSCS of em’ size using the 
antisolvent method as desrbed (16) and mea- 
‘sured their PV performance. Data an 10 calls are 
shown in table 55. Th average PCE was 1699 = 
(0.71%, which is obviously lower and exhibits a 
larger standard deviation than that of 19.58 = 
(0.37% forthe devices prepared by VASP. 

‘We found the VASP method tbe versatile with 
respect to variations of precursar eompenents nd 
erotskite composition. Asa demonstration, we 
‘ested it with the emenging perovskite material 
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FA,C,PblyBny (24-26). We obtained an ex. 
cllent PCE of lose to 1.0% inthe initial tial, 
detailed PV metres are Hist in table $6. 


4&5 Razsnet a1 Pate Sawoes 277, 285-251 (2018) 


CACO © Rang tla 9 Rap 8.0 Ey 
won e725 258, 
Frog Pla. fos, 2) 

we I Restate 49, E319 (1. 


16D Blot l,i Ate 2 el80070 (208), : 
HES beet at Common 210008 (00) 


SRISMZ) sn ebro se sre ae oe 
“Enea Tura SN tec (SNERGY) the Se 
patina pce ses Te 
(Tet ns ih peters opts 


recat SUS 


2g te 6 


ULTRAFAST DYNAMICS, 


Direct time-domain observation of 
attosecond final-state lifetimes in 
photoemission from solids 


‘Zuensheng Tao,!*} Cong Chen,"*+ Tibor Szilvisi! Mark Keller," Manos Mavrikakis,# 


Henry Kapteyn,' Margaret Murnane* 


[Attosecond spectroscopic techniques have made it possible to measure differences in transport 
‘times for photoelectrons from localized care levels and delocalized valence bands in solid. We 
report the application of attosecond pulse trains to directly and unambiguously measure the 
dlference in lifetimes between photoelectrons born into free electron~lke states and those 
‘excited into unoccupied excited states inthe band stricture of nickel (111). An enormous increase 
in lifetime of 212 + 30 attoseconds accurs when the final state coincides with a short-lived 
‘excited state. Moreover, a strong dependence of this lifetime on emission angle is directly 
‘lated tothe fna-tate hand dispersion as a function of electron transverse momentum This fining 
“underscores the importance ofthe matenal bnd structure in determining phatoslectronifetimes 


and corresponding electron escape depths. 


be electronic band structure of materials 
tonsists of ocupied and unoccupied bands 
that emerge as the eleetron wave functions 
‘ofadjacent atoms inthe lattice overlap with 
cach other. In general, valence bands will 
have more wavefunction overlap and wil here 
{ore be wider than, for ecimple the earelewls The 
periodicity of erystal lattice imposes an ener 
‘omentum relation tat clesrbed asthe disper 
‘on relationship foreeetrons in each band, making 
the electronic structure of solids quite complex 
Fortunately, anglereslved photoemission spe 
troscopy (ARPES) can resolve both the energy and 
‘momentum of photoclectrons by probing photo 
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emission from materials at well-defined angles. 
“This information is elated to the energy end mo- 
‘mentum of electrons populating distinct bands, 
providing a direct measurement of the band dis- 
persion and the Fermi surface (2). When com- 
bined with ultrafast lasers, ime resolved ARPES 
‘makes it possible to capture fst changes in the 
bane structure of materials near the center ofthe 
Brillouin zane (.e, low electron momenta) on pi- 
cosccond and femiseeond time seales (9), More 
ently advances in tabletop high harmonic gen 
ration (HH) 3 4) have resulted in coherent ex- 
treme ultravielt (EUV) and sot xray beams that 
are ideally suited for ARPES, opening up time- 
rane tis over the entire Bron ae (5. 
HG isemitted asa series of attosceond pulse 
trains with unique characteristics of good encrey 
resolution (-100 to.300 meV) combine with sub- 
femtosecond time resolution. These capabilities 
have made it posibleto observe and eontrol the 
fastest electron dynamics in molecular and mate- 


rial systems (7, 8)-Recont work probed ow fasta 
rterial can change its magnetic wate or tran- 
sition from insulating to metal (5, 9 uncovering 
‘which miroscopic mechanisms were responsible 
for diving fast phase o tate transitions in mate- 
als. Other work probed the 74 lifetime of core 
‘escted states of adsorbate on surfaces (10. 

HE has also been sed to probe the time delay 
associated with the photoemission process itself 
‘mn olated atoms and materials (11-17) by taking 
advantage of laser-asssted photoemission (8) 
Although some discrepancy remains berwoen ex 
periment and theory (7,1), tis generally agreed 
that the potoemission time delay from isolated 
atoms arises from convolution of a Wigner time 
‘delay due to scattering of photoelectrons inthe 
atomic potential and a mrasurementndueed de- 
lay due to propagation ofthe photoelectron in 
the laser field (20). Unlike the ease of isolated 
atoms, interpreting photoemission time delays 
‘rom solids requires consideration of complex 
‘hand structures and various many-body inter- 
actions that photoclectrons ean experience as 
‘they approach the surface. Previous attosecond- 
streaking studies of a transition-metal W(U) 
surface revealed considerable time delay (~110 
as) between photoemission from core-evel and 
valence-band states (1). In contrast, no delay 
‘yas measured for the free-electron metal My, 
although a time delay similar to that of W was, 
cexpeeted (13). Various theoretial models have 
‘been proposed to explain the photoemission 
‘time delay rum solids in terms of transport ime 
(21,22 degrees of initial tate leaizaton (21, 23), 
fand band-structure effets (24, 25). The use of 
isolated attosecond pulses in these experiments 
‘was necessarily accompanied by a broad EUV 
‘hand, which then gave rise to an integrated 
‘broadband photoemission feature comprising 
rultiple valence bands (1, 28, 4). Other recent 
‘work used synchrotron sources to measure the 
final-state linewidths of photoemission from Ca, 
finding pronounced variations in the ARPES spec. 
‘ra with small changes in photon energy that 
ould not be assignee toa feeeectron ial state 
‘This work identified the diect transitions and 
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measured very broad linewidths of 9 for un. 
‘occupied exited final tates in the band structure 
‘within the photon energy range 20 to 150 eV (26, 

Here, we directly and unambiguously mea: 
sured the influence of the hand structure of 
material on the lifetime of photoelectrons. To 
accomplish this, we used attoseeand pulse trains 
‘of welldefined harmonics to measure the photo 
‘emission time delays for free-leetron final states 
as well as final states corresponding to the un 
‘ccupied bil hands ofthe transtion metal ND 
‘We were al to distinguish photoelectron lit 
times from individual valence bands and inal 
states in NiQ), with additional help from 
selection rules for photoemission for EUV fields 
‘with different polarizations (J, 27). Our results 
show that when the final state corresponds to 
‘an unpecupied excited state in the Ni band struc- 
ture, photoelctrons experience an abrupt delay 
ff -212 + 20 a8, This delay corresponds to the 
lifetime ofthe excited state ane can be interpreted 
plyscally asa sariation of the attenuation length 
‘ofthe final state wave function inside the er 
tal Therefore, trough a direct time-domain mea 
surement of attocond photodeetran dynamics 
‘our resus provide insights into the fundamental 
concepts of photodectrn iftime, inelastic mean 
‘hee path (IMF), and group velocity. Momo, we 
‘observed lage angledependent Ge, momentum 
‘dependent) variations in photoemission time 
lay, which are crecty related to the finabstate 
hand dispersion. 

“Thebssie principle undertying our experiments 
is ilustrated in Fg. LA Lincarly polarized high 
harmonics are focused collinear wit infrared 
laser pulses (-26f, 780 nm) onto anatomically 
‘dean NGL surface. The HUG spectra consist of 
rultiple harmonic orders (ith to 4st) spanning 
‘rom 1 to 6 eV, which are generated using dif- 
ferent noble gases (Xe, Kr, Ar, and Ne). The 
‘corresponding HHG pulse tain comprises EUV 
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bursts with durations of ~200 as fl width at 
Salm (FWHM) within 1-4 (FED 
envelope 2) n the tine domain. Photoelectron 
‘vse large moment along the srt 
ormal dvctionesape the surface and are de- 
tected by a hemispherial electron analyze In 
the anglesesoved photolectan spectrum, the 
Same ntl Bloch wave packet sensed tle 
tiple final states wit diferent kinetic energies 
‘manifesting as ladder of dizet photoemission 
bands, each separate by twice the fundamental 
photon energy a, (where isthe Planck co 
Sant divided by 2 and isthe quency of the 
fundamental diving las) (1B) Laver ase 
hutomision in the prseace ofthe phassocked 
{ned (IR) ser ed (210 Wher) moses 
the poteletron spectra aa fanton of the 
‘aie delay betwee the EUV pam and IR probe 
fede This allows us to extract photoelectron 
ynamiesonattoscon tne sees nd angstrom 
Jeng als by anayng the asec beating 
die othe interference of two-photon utr 
tiny tht eat the sme fil photoceton 
nergy (ina technique called RABBIT) (16,25). 
RANBITT and attosocond streaking have been 
shown ta yeld the same tropa information 
shout the photoemission process (19, 20) 
‘Wetint probed the detrnic band structure of 
[Nit by studying the dependence af the state 
‘tock specie on the ELV poten ener 
an poariaton Fig 2} Siking diferences an 
te ober for photoemision excel p+ 
lari EUV elds, whi an be undensood in 
termi oftheselection rules for direct interband 
transitions (1, 27-Taking these selection rules 
nto account and considering our experimental 
seomiety 45" angle of nedence ofthe HG 
beam), we ean unambiguously assign the two 
photoemission peaks in Fg 24 that are excited 
byspolrz ight to the wo valenex bands with 
ysramitry (Aj and, with respetive binding 


Momentum, k (A) 


enengis of -06 6 and ~125 eV), The ational 
spectral weight observed for p-polaraed light 
‘rom the A iil band (-17 6) (Fi 28) Both s- 
and prpolarized photoemission exhibit peak 
shitswhen exit ty liferent photon eneres 
‘hiss clear evidence of contributions from balk 
‘and transitions. Assuming direct transitions to 
afr electrn-like final tae, we ean map the 
‘lectron momentum in the surfaces diee- 
tion k fr diferent photon energies (1,22, 20) 
“The extracted band structure i pote in Fig 28 
“The good agecment of our photoelectron spectra 
‘with presiousstndies using synchrotron ight cor 
cing similar energy range (30) i 20) verifies 
that high harmonics are deal fo eaturingeec- 
‘ron and band structure dynamics with suberto- 
second time resolution, good energy resolution 
(000 9300 meV), easy manipulation othe photon 
‘energy and polarization (3), and pefetsynchro- 
nization tothe devin laser Note that the valence 
‘bands calculated using density fuetona Uacory 
(DFT) are ~0.7 eV deeper than experiment be- 
cause of the presence of strong correlations for 
Nii electrons (30, 32 

“The mest pronounced feature of Fi 2A isthe 
enhancement inthe intensity ofthe low-enensy 
spectral penk(~125¢V) upon excitation by ~24eV 
FHHG photons (sth order). This esonant feature 
clearly appears in the spectra that emerge from 
‘tation by an polarized EUV fil, ndcating 
‘that the A an is the inal band, Considering 
‘the band structure of Nit) along the F-L d= 
reetion, we can assign this spectral resonance to 
dlret interband transitions from the A initial 
‘hand othe high-energy unocupic A? ina band 
located at ~24 eV above the Ferm level, as in- 
clcated bythe be arow in Fig. 2B, 

Tn photoemission theory, the matrix element 
responsible for photoelectron spectra can be 
‘writen as A = (fhe isthe inital 
Sot) inal state end "= Ay. ps Ay 


Fig. Photocmission time delay 
‘onan off resonance inthe band 
structure. (A) Using high-order 
harmenics. ferent photoelectron 
final states can be accessed. cor 
respending to tree electron-Ihe 
stales or excite states i the and 
structure. The damping length of 
the final state wave funeon nse 
the crystal is increased when the 
transtion coincides wth a na 
state resonance (B) Static ARPES 
‘wit by s polarized HG, The 
sneray resolution is ~0.3 eV, which 
issuffcient ta distinguish photo 
emissions from two intial bands 
(a$ and a2). (6) Photoemission| 
time delays from laser-dresced 
harman sidebars for sand p 
polarizee HHG for noble gas tar 
‘ets. A notable dela introduced 
St sideband SEIS, tial tothe 
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inthe mater bond structure, 
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‘represents the interaction Hamiltonian between, 
fan electron and ELV electromagnetic radiation 
‘with vector potential Ac The final tte wave func 
tion ean be represented asa time-reversed low: 
‘energy cecrondftation (LEED) state compose 
of afreeslectron wave arriving atthe detector and 
‘damped Bloch wave inside the erystal (1, 3), 
‘with a characteristic damping length directy r= 
lated to the IMFP and photoelectron ifetime. The 
increas in photoemission intensity asa result af 
this final-state resonance can be atibuted to an 
increase n photoelectron lifetime with associated 
clongation of the characteristic damping length 
‘ofthe final state wave fuetion, which strongly 
‘enhances the spatial overap between the initia and 
finalstate wave functions and hence the transition 
probability. The enengdependnt photoemission 
intensity of the A band i summarized in Fig. 8, 
together with & ft to a Lorentzian function with 
‘width y = 3.68 0.88 6V and centered at 2440 eV, 
‘ch sensi with previous studies (2). Thus, 
the eharacteristi lifetime ofthis inal state can, 
Ibe extracted from tye = Aly = 79-2 49 a8. 

‘To direetly measure the difference in photo 
lectron lifetimes between electrons excited into 
high-energy ial bands (.e.on resonance) and 
those excited nto feelectron fil stateslocated 
in the band-gap region ($8), we intrduced an 
TH laser id to dress the paotoeletrons. n the 
Presence ofthe dressing laser field, there are to 
slstinet quantum paths from an intial state tothe 
‘sme sideband, namely) absorption fbn +o, 
and Gi) emision fon. ho of an TR photon (Bs. 
SID), When the relate time dey’ betwen the 


A (> epotaraes | - 
2 rear | AA 


HHG order 


0-5 


Initia! energy (eV) 


THEG pump and the IR probe is changed, the in- 
tensity of sdebands from a given initial band is 
‘modulated as 2 result of quantum-path interfer- 
ees (16, 25) 


Salta) 


Agsin(2ou(tu—te—e)] (1) 


a- eprsent time delay contd by 
the phase chirp betieen neighboring harmonics 
(Gone Bon fe the photoemision delay 
Simultaneous measurement of two pbtolecon 
‘eave packs exe bythe sae amon eres 
lows so ance! the infaence of toch 
“This method was fst implemented and validated 
fori toms 0) i ur experiments, we se 
the nonresonant photoemisdon fons the A band 
the insngeference and determine the ete 
Photoemision delay’ of te resonant ty AE) — 
‘teo(AS) and nonresonant tre (1) ~tre(AS)- This 
‘lems us to compare ie delays for comparable 
Pasodecrun nes and cane ees arn, 
{rom theatochiy- or dessng fede pe 
delays 

‘We frst measured the time delay ty(A8) — 
‘oe ( A) tings polarzed HG fds In Fig 26, 
te plot a set of experimental RABBITT inter 
Tesora for nin the mange -2 to 2 f. The ie 
tenferograms were obtained by integrating the 
photoelectron spectra over 42.5 around the 
T point and subtracting the backgroud spec 
trum obtsined well fore tie zero, We inten: 
Sonally selected small angular reson i the 
nalsito avoid the ambiguities elting fom 


Momentum &, 


Fig. 2. Fnakstate resonance in photoemission from NIM}. (A) EDC curves exsted by 5: (x) arp 
polrized (bi) HHG in a normal emission gecmety (tegrated ~ 42° arcurd the F point) The poston of 
‘he For level (lack dashed tne) determined from the laser photon energy (-16 el) ar analyzer work 
function (4.25 6), The erage cred ne shows the sof the hh erergy peak with HHG phon eer 
‘ripasizng the contusion of ue band tanitons Tha inert ofthe 42 bar cleary shows a spectral 
resonance at ~24 eV (B) Band strcture along the FL direction (Pama othe surtace) extracted from cur 
data (open syncs) compared wth resus of prevous experts (30) (sll Ines) and OFT caldations 
(dashed res). re-lectron final tate na constr ier potrtal (30) assumed and is used to map the 
‘decron manu noralt the sarge surface k, The fasta escrance cbsere n (A) coresponds 
‘aa direct ansten frm the fil bart the AP fal band, a ihe by the Eke ro 
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angle-tependent photoemission time delay (See 
‘alow Fur 3¢ des shows that peloton 
from the Af band are notably delayed for side- 
‘band S016 (corresponding to photon eneney 
(of 25.6 eV), which manifests as a lange ost in 
‘osltons in the iterergrams. This time delay 
aradualy vanishes at increasing and decreasing 
‘ion enersis showing a nonmanotonic change 
of tn( A) ~ te( A) a a funetion of photon en- 
‘egies. One-dimensional (1D neous eorespand- 
Ingtothe A and A bands the sideland region 
are etracted inthe panel on the right side of Fig 
‘SC, making it possible to determine the precise 

‘we(A}) a8 a function of 
‘energy. The results are summarized in Fig, 34 
(see supplementary materials fr detailed anal- 
3ais). By comparing this relative photoemission 
delay with the spectral resonance (Fg 8), we 
‘ind that the observed maximum in tine delay 
conde with the spetral resonance a the same 
photon energy, stongly indicating that the 
‘observed photoemission timte delay originates 
from the eeted-tate band structure of ND) 
‘Most imporant, the time delay measured using 
laserasssted photoemission, tayaa=2122 3038, 
agrees within errr bars) with the vale from the 
spectral resonance, fee = 1794.08 

“To extract the photoemission time delay 
smo As)~ tA) eused polarized ELV feds 
for photoemission (Fi. 1) We note that in this 
situation, the low-energy sideband intensity of the 
RABBTTT osclations has contributions fom both 
‘Avand A} ands. With the knowledge ofthe ine 
tensity contributions rom these ro iil bands, 
the time delay rey) ~ f(A) canbe extracted 
(Gee supplementary mater) shown in Fe, 3A 
Tnstrongcontras tothe A and, photoemission 
‘rom the A; band exits very small ime delay 
relative to that from the A; band and varies 
smoothly across the photon energy range. 

{In photoemission theory, the photoelectron 
tifetime ean be understood as the time taken 
forthe wave function to evo froma Bloch wave 
inside the materia into afeeeleetron wave fnc- 
tion outside the soli. Seca, hi alo 
the ime the photoelectron spenls mega ci 
‘ance corresponding to an IMP (35,94) A8 we 
show below, the onresonance tie delay m 
‘sured in ou experiments canbe direty related 
tothe ifetime of the in-state bihenergy band. 
“The fac that our measured time delay agrees well 
‘with the lifetime extracted um the spectral ine- 
‘wid indicates tha the eines of photorons 
‘originating rom the iia A hand ae ery small 
(thin experimental ror ~ 594s). Atthe same 
tim the photoset ietimes cares to 
the Ay band are longer by 50a Fig $A) Because 
‘oth bands exhibit a smeoth variation in poto- 
‘emission cross section ever the photon enersy 
‘ange use here (se supplementary matril) it 
{sreasonabletoassume tat their photoelectron 
tiefimesareslowiy varying asa function of pom 
cenergis Thus the rests showin Fig 1A canbe 
{interpreted as an abrupt increase of -212 asin 
‘hotoeletron lifetime from the A! band when 
‘thediret transition approaches bulk inal band 
(8), rosuling in a inastate resonance 
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Fig. 3. Direct time-domain measurement of the final-state lifetime. 
(A) Pratcemssion tine delays (A) ~ (AG) and w(Ar)~ we(AZ) asa 
function of photon energy, cca showing an incre in etime (oy 212 * 20, 
2) when the fnal state corresponds to 8 shor ed exoted stat nthe band 
structure. Eor bars represent SD ol ime delays erate frm mare than 200, 
inva san. Te ret sole ine ia Lerentan curve wth the same newt 
351n ().(B) Spectral intensity ofthe Ab inal band as 3 function of photon 
‘ene The ibe pain (ther) abtaned from HAG criven ty 290 nmlaser 
Feld. Fror bars represent thefiting uncertaesaf the photoletron ye rom 
indveual photosectron spectra that were used to exact each pint (see 
supplementary mater) The pink ine represents a Lorentzian ft ying 3 
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nich of y = 368 (6) Two eensonal map of pstoletron yeas a 
function of hotoecron energy ar pump-probe time dey ected by 
pared HHO Toerhares the er corvast 50% othe gars specu 
i braced fo vse the erecgyam The eave cays ete pho 
‘Sectors fom the ard A inal bards ae raested a 2 lage of n 
‘czclatons te tebonde (te dashed ars) Asoorin vin Boh ney 
2rd me cyte eon ener pcedin S20. gt pare IDineouts 
fer Aj are Xtal bards the conespercng regions. (D) Results of 1D 
somiclassisl smubton Relsbe to petoecrens amie for 2 Aba the 
sifac thse omic! For 10 A low tre sae re dle by 267 a rt 
Profi othe ces fel sterth nara othe sce () cous the race. 


‘To physically interpret our measurements, we 
uwsed a 1D semiclassical model (95) to caleuate 
the RABBITT interferograms of photoelectrons 
‘wit the same fina energy but emitted from di 

ferent depts (ex, 2A and 10.) below the surface 
to simulate photosleetrons with different IMEPs, 

‘This model considers the quantum phases acc 

nmulated as the photoelectrons seater from the IR 
ddresing fold and crystal potential (see supple- 
‘mentary materials). The TR dressing field inside 
‘the metals mostly sereened (see supplementary 
materialsand inset of Fig. 3D) and has negligible 
influence on photocletronsas they travel to the 
surface (36). One-dimensional lineouts ofthe 
RABRITT oscillations are plotted in Fg. 3D for 
photoelectrons with a free-electron velocity 
corresponding toan energy of 25.5 eV inside the 
crystal We find that the RABBITT oscillation 
‘races of photoelectrons emitted 104 below the 
surface are delayed by 267 as relative to those 
‘onesponding to photoelectrons originating 2A 
‘below the surface; this is consistent with the mea- 

sured lifetime diference between them. In tar, 
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this allows sto directly relate our time-domain 
‘measurements tothe lifetimes and IMFPs of 
photoelectrons which determine the surface and, 
bulk contributions (2, 3). 

Determining the IMFP involves selecting a 
photoelectron veloc tobe used in ealeulatng it. 
Ina periodic crystal late the elastic interaction 
‘with atoms strongly modifies the electron energy- 
‘momentum relationship, giving rise tothe elec. 
tronic hand structure. tis generally believed that 
the velocity of photoeletronsean be represented 
by the group velocity ofthe corresponding fina 
bands, whichis given by the derivative of the 
energy with respeetto the momentum wave veto 
1 (Ut 18, 14)To determine the final-state group 
velocity, we used an ab initio ealculation forthe 
bulk band structure of Nialong the -Ldireetion, 
including the high-energy valence bands (-24eV). 
We found that the final band involved in the 
‘esonant transition (highlighted in Fig. 2B) hast 
narrow bandwidth (~4 eV), consistent with our 
experimental spectra The corresponding group 
‘ely sve yy /M)| = 30 eV AV, whic 


‘6 much sma han the wbx of fe con 
‘with the same kinse enegy (181 Vn, Using 
the eaclated group vlody, we obain an IMF 
fat mest 1A, whic such smal than aes 
‘eported in terse (7,39. We believe that 
{his disrepany arses because the group veloe- 
fity snot the anspor vloty fr bighencray 
phooederons. As pote ot in previous tes 
(G4, bigs-enengy (020 eV) photons leave 
{heel before they are sujet othe intuence 
ofthe ent lati, so they beave more ike 
plane waves with frevelston dispersion. By 
tsing the corresponding ee eecronvloty in 
four ana, we extract an IMEFP of 6A for 
‘otodlectrons hat ae emitted oe resooanee, 
‘Consistent wi previous studies (20), Incontrast 
the IMP of photoelectrons from the 3 and 
‘Atunds, as wellas thos from the A band sway 
{tom the spectral resonance, ae estimated to be 
“3A, manifesting ter surfaeemision nature 

Other important evidence tat heb sta 
ture ofthe mater strongly invenes the photo 
‘mission lifetime can be seen from the angle 
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Fig. 4, Angle dependent photoemission time delays. (A) Anle-dependent 
phateemisson time delay te(Al.6) ~ e(AS.8) for SBIG and SE ob 
tained using polarized HKG. The expermental data are points: the soli 
lines area tothe final-state band structure obtained fram aur mode! and 
DTealulations (see supplementary materials). Eror bars represent SD of 
the time delays extracted! rom mare than 200 incviual sears. (B) Typical 
‘RABEITT interferogram for SBI6 with emission anles[(a) and ()] labeled 
in (A). The offset in oscillations is highlighted with white dashed boxes, 


Bol ff 02 of 
Momentum, k, (A) 


‘SB 16 


Because cterant photon energies are usd fr these two sfebards ferent 
1. alog the FL ration are assigned according tothe bard mapping rests 
in Fig. 28. The inital ard fral bands are highighted by thick sole nes; the 
bieing energy ofthe intial band (purples cocrected according to the bircng 
‘energy cbtaned in cur experments. ranstions correspanding to sideband 
‘photon energies are labeled as dashed arraws. Inset: Experimental geometry. 
TR and HHG beams are focused onto a Ni(II} surface ata 45" incident angle 
(is assigned tothe emission angle of photoelectrons relative to the sample 


(©) tustration of direct transitions in the TK direction for SBIA and S&I6. 


dependence ofthe liste as function fee 
frum transverse momentum k-To cancel anytime 
ely impose the incident and refed laser 
Sle (1) elt extrac the entation de 
to bandtractre effets, we ued the RABBITT 
ccillatons from the ban asthe timing ee 
tence t different emission angles (0) foreach 
sideband (see supplementary materials). The 
ngle-depenlent result f(A. 6) ~ ty AS.8) 
‘rw summarized in Fig. 44 for SB16 and SEL 
(ear the resonance). As shown i Fig 4A, the 
time delay ry (AE 0) ~ pA 0) at SBS reaches 
its maximum vale of 20a at T point (0~ 0, 
‘whereas it ees to ~30 as when the emision 
fngle approaches @ ~ 25 The overall tend 
symmetric around the T point, which strongly 
Suggests the band-structre origin ofthis angle 
dlependent photoemion time delay. The mest 
toteestngfoture is that sy(AE, 0)” ta( AE, 8) 
exhibits a double-peak shape at SBi4 (Fig. 4) 
asthe time delay inereases to its maximum on 
resonance alu 80» and then decreases for 
Tanger emission angles 

“To untitately interpret this ange dependent 
photoemission itn, we compared the preted 
time delays associated with oor model and DET 
«alculations (ee supplementary materials) with 
the experimental data (Fig. 48) Our rests show 
that for SHI, the HG photon energy close! 
‘notches the resonant excited state at he pit 


Yielding a maximum time delay for @ = 0. More. 
over the time delay monotonically decreases at 
larger emission anges since final-state band dis- 
persion eauses the transition tobe off resonance. 
On the other hand, fr SB4, in which the photon. 
energy is ~2 eV lower, the resonant transition is 
not acessibe atthe point, but ison resonance 
and yes amaimum time delay at ~6" emission 
angle (Fig. 40) The ley factor for this agreement 
is the dispersion of the final band along the 
T= cation (witha ge vey of = 1 VV, 
‘which determines the slope of the time delay as 
a function of 0 

(ur rots hight the pata ofthe mat 
sal band! strate in determining photoemission, 
time delays which must also be taken nto account 
even at higher photon energies nthe future this 
approaeh ean be used to experimentally access 
‘quas- particle iftimes, eletron mean fee paths, 
‘lectrn-electron satering and dynamical serene 
fing all of which represent grand challenges for 
condensed matter theory: Moreover, ther effets, 
‘nluding Cooper minima (39) and Fano resonan- 
‘es (40), cold also led to notable delays, making, 
attosecond studies of metal valence bans a cbal- 
lenin a alo rich ad interesting probler. 
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MALARIA MOSQUITOES, 


A maleness gene in the malaria 
mosquito Anopheles gambiae 


Elzbieta Kreywinska,"* Nathan J. Dennison,#** 


Gareth J. Lycett,* Jaroslaw Kezywinski'*} 


‘The molecular pathways controling gender are hight variable and have been identified in only 
2 few nonmammalan model species. In many insects, maleness is conferred by a chromosome 
liked M factor of unknown nature. We have lolated and characterized a gene, Yob, forthe M factor 
in the malaria mosquito Anopheles gambiae. Yob, activated atthe begining of zygotic transcription 
land expressed thraughout a male's Ife, controls male specific spicing ofthe doublesex gene. 
‘Silencing embryonic Yob expression is malelethal, whereas ectopic embryonic delivery of Yob 
‘transcripts yelds male-only broods. This female-kling property may be an invaluable tol for 
‘creation of conditional male-ony transgenic Anopheles strains for malaria control programs. 


nimals have evolved variety of mecha 
thst for sex determination, In insects, 
‘common pattern requires primary sex 
determining signal that in early embryos 
factvates a short cascade of sex-speiially 
spliced genes. The produets ofthese genes mod 
‘late differentiation of an individual into ether 
male or female, depending on the sex determi 
em ()- In the absence ofthe primary 

signal, a default pattern of gene splicing leads to 
‘the development ofthe oppaste sex. Oly the final 
clement ofthc, the doubler ge se 


rmosomal sex determination system, in which 
4 double dose of X chromosome-tinked signal 
lements (XSE) represents the primary signal 
‘Hat initiates femalespeciie pre-mRNA splicing 
in-a cascade of subordinate genes sex lethal 
(Seb, transformer (era), and doublesex (ds) 
(@,4) The resulting transcripts yield function 
al female-specfc proteins, af which SXL regu 
lates splicing of tra, and TRA, along with its 
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cofactor TRA, promotes splicing of de. Ia males, 
a single dose of XSE is insufficient to initiate 
this female-specific easeade and the thre genes 
are spliced by a default male specific mode, vith 
only dix encoding a functional protein, The male 
tnd female forms af DSX regulate sex-specific 
morphologies by modulating the expression of 
enes involved in downstream sexual differen- 
tiation processes. 

“The dipterans Coats capita, Lucia euprina, 
‘and Musca domestica, andthe beetle Triboixm 
‘staneum, also possess an XX/X¥ chromosomal 
system, However in these insets an unidentified 
‘Ychromosome-linked M factor constitutes & 
primary signal that determines maleness (3-8) 
In none of these species is So! involved in sex 
determination. Instead, maternal fra mRNA is 
sffcient to diet defi female development 
fn the absence ofthe ¥-linked factor, whereas 
{in males the M may be preventing establishment 
oftra function byan unknown mechanism (2-2). 
“The XX/XY system incorporating a dominant Y- 
linked MI factor common in many insect eran 
(Q3-15. Howes, wi the exxpion of Nira homo 
tog of tr) from a mosquito Aedes aegypti (10), 
sgrneseneoding M factor have remained enigmatic. 

‘In anopheline mosquitoes, the only deseribed 
‘element of the (morphological sex determination 
cascades dr (7. To cluidate the initial steps of 
sevdetermination in the Alrcaa malaria mosqut, 
Anopheles grmbiae, we analyzed transeriptomes 
fof male and female embryos (15), whose sexual 


identity was determina by polymerase chain = 
action (PCR) (Bg. $1). Separate pools of mRNA 
‘were sequenced, yielding ~500,000 Roche 454 
‘eas frm each sex. From the male pool, 2 reads 
‘uniquely mapped tothe previously characterized 
sf AAABOLOOR227 derive fom thet. gambiae 
‘Yeluomosome (19). 

‘The corresponding gene (hereafter called 
Yob) consists of three exons and produces tran- 
scripts differing in sine because of intron reten- 
tion (Gg. $2). Yob likely represents the same 
gene as gYG2 (20), which partially overlaps Yo, 
but ite annotation lacks over half ofthe Yob 
gene sequence Among the 4. gambiae inked 
‘genes, onl the Yb/ YC lous is Vinked across 
the examined species from the A. gambiae com- 
‘plex (2) indicative ofan important sexual den- 
tity function. Consistent with the chromosomal 
location, transcription of Yb is mite to males 
“Transcription begins in embryos between 2 and 
25 hours after oviposition, before blastoderm for- 
‘mation (22) and expression of ther ¥-hromasome 
aenes (20, 21), and continues throaghout the 
lie ofthe mosquito (Fig, 1A and fig. SBA. Onset 
of the Yob transcription is nearly contempora- 
‘neous with that af orthologs of even skipped 
(AGAPOLON) and hunchback (AGAPOLOTTD (Bs. 
'S9B), whose transcripts mark the beginning of 
_ygotie expression in Drosophila (29, 24). We 
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Fig. 1 Transcription of Yob and dx in A. gambiae 
‘early embryos. (A) One of zygotic Ya ranccrn 
tien (B) Establerment of the sex-specific expres 
‘son pattern of sk Time of RNA sample collection 
(nheursateroupostio are shown abe ge rages, 
()pegatve conto ribosomal protein 57 (p57) tran 
‘crn eels were usec ae gel nang contro 
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Fig. 2. Yob isa protein-coding sex determina: 
ton gene controling dsx splicing. (A) Feverse 
transcretion (RT)-PCR analysts of dsr spicing 
pattern the A. gambiae Sua coll transfected 
thin viro-syrthoszed Yab mRNA, as corrpared 
‘nth ono norranstete oes Mand. game 
ral and ferale pupae: (-) negative contra. Si 
Tar ests were obtained in thre independent 2: 
periments. (B) Digital representation ofthe relative 
_areartsofs spine farms shown (A) (6) RT-PCR. 
‘analysis of nbosomal protein $7 transerat Ives 
used a a sample loading contro.) Spcing pt 
tem of deen SuaS.1 cells transfected wth native 
Yob transerpts; nonproductive ors of Yab, ther 
Isckng the methionine start codon. or canning 
premature stop codon aclin pontransteted con 
lrolcls The data shovm are mean + SD."P-< 0.00, 
‘one sided Mann iviney tet 


determined that Yob activation precedes estab- 
lishment of sex-specific splicing of dr by up to 
‘hours. The female isoform of davis maternally 
depesited, but angely degraded in male embryos 
within 4 hours of oviposition, and only after 
complete degradation of the female isoform 
in males is a persistent pattem of sex-specific 
cde splicing established (Fig 1B). These findings 
are consistent with Yob acting upstream of dar 
in the sexdetermining hierarchy. If truc, ntro- 
\doction of Yob transcripts nto female ells should 
‘use an alteration of dx splicing patter. 

‘We investigated the eff afin vto-sytesiond 
‘mRNA comesponding tothe shortest, presumably 
rmaturest gambiae Yb ranceript isoform on dae 
splicing in the A. gebize Sus. coll ine, which 
lacks the Y chromosome and Yo expression (fg 
'S8). We observed a sigafieant los of the female 
fan gain ofthe male dse transcript isoforms in 


Fig. 3. Misregulation of Yob expression causes 
‘sex-specific lethality in embryos. (A) Larvae ached 
from embryos injected with an insufficient amount of 
(left) or successfuly delivered (ght), nucle aids, 
235 indicated by lack or presence of GFP expression 
inthe midgut eal, Scale as, Imm, (B) A sure: 
1y of two and four independent Yob mRNA mira 
injection experiments in A. arablensis ard A. gambiae, 
respectively (G) A surary af four independent Yab 
‘Soule stranded RNA microinjection syperiments in 
‘A. gambiae, *P < OOOO; Fishers exact test. 


cols transfctwith YO mRNA, as compar with 
‘control nontransfected cells (Fig. 2, A.B and D), 
oreells transfected with nonproductive forms of 
Yob (see below; Fig. 2D), Transfection experi- 
‘ments in lane suggest that Yob exerts the same 
effect on dsr in vivo (ig. $5). This confirms that 
Tobi inven the sex determination pata as 
direct oran indirect upstream regulator of dsr 
splicing 

In the vast majority of protein-coding genes, 
diferent evolutionary constraints on individual 
codan positions result in synonymous substitu- 
tions observed with much higher frequency than. 
the nonsynonymous ones (25). Based on this prin- 
ple, we evaluated the protein-coding potential 
of Yb by comparing its sequence to PCR isolited 
‘orthologs sequences from Anophelorarahiensis 
‘and Anopheles quadriannudatus, two members 
ofthe Anopheles gambiae complex The analyzed 
region encompasses two open reading frames 
(ORFS) longer than $0 codons, of which only the 
shorter ORF bears a substitution pattern indie 
ative of purifying selection (fig. $6). Guided 
by these results, we experimentally tested for 
the protein-coding potential ofthe shorter ORF. 
‘We transfected the Sua. eels with twa mod 
ified Yob transcripts containing putative non- 
synonymous point mutations r1A>Cand [e5U>A; 
6U>G] and investigated the effects ofthe deviuced 
amino acid changes Met'—Leu and Phe'-Stop, 
respectively, on dsr splicing. No shift in dar 
splicing pattern was observed in eolls transfected 
‘with transeripts either lacking an initiation 
codon or containing a premature stop codon, 
unlike the positive control eels transfected in 
parallel with the wild-type Yob transcripts (Fig 
2D and fig. S7), These results indicate that Yob 
‘eres shor, 56-amnino ae protein hat may 
contain a helicloop hex motif (lg. S8).A protein 
‘with the same length and similar secondary struc. 
‘ure but nonconserved primary sequence, Was pro- 
pase to be encoded by an ear zyptcaly expressed 
‘Vinked gene, GUY, potentially involved in sex 
determination in Anopheles stephensi (26). 


We injected Yob mRNA into nonsexed pre- 
blastoderm embryos ofA. gumbiae aid iss 
ling species. arabiensis to assess whether ectopic 
Yob transcripts affect mosquito sex ratios. To 
contol for successful injection, we coinjected a 
plasmid with a green fluorescent pratein (GFP) 
‘expression cassette (embryos that receive suffi- 
ent nuclei acids develop into larvae transiently 
‘expressing GFP; i $9). Surviving individuals were 
sorted at the larval stage into a GFP-positive and 
44 GFP-negative group (Fig 2), and at the pupal 
stage mosquitoes were sexed. In both species, 
all the GFP-pastve individuals developed as phe 
‘fypie mals, whereasin the GFP-negative group 
and in the eontrel group af gn emia 
injected with GFP plasmid only, the sex ratio. 
‘vas unbiased (Fig, 9B).The GFP-positive males 
tad the XY karyotype as indicated by PUR: more 
‘over, they had normully developed reproductive 
‘organs, produced motile sperm, and were fertile 
(Cable S1). Thus, ectopie delivery of Yob mRNA 
4s lethal to genetie female embryos, bt has no 
dscerble effet on the sexual development of 
genetic males. 

In D. melanogaster, female speifc embryonic 
lethality is caused by loss-of-function mutations 
{in genes located atthe top of the sex determina- 
tion cascade and invariably results from a mis- 
regulation of dosage compensation (3, 27-29). 
‘The dosage compensation mechanism in that 
species equalizes X-linked gene products in XX 
and XY individuals by up-regulation of tran- 
scription from the male X chromosome (30) The 
process istighly liked t te sex determination 
‘through femalespeciie repression by SX. 2, 92. 
‘Mutations in Se, or in genes involved in Sef 
‘regulon, cause overexpression of Xlink genes 
and female death during embeyogenesis (3, 27-20) 
1a females of 7 eutancur, in which Se has no 
sex-otermining role, TRA has ben proposed to 
inhibit dosage compensation (12). In a lepi- 
dopteran, Bombye mori in whieh females are 
heterogamictic (A) and males homeogametic (2), 
‘male embryo lethality, observed afteraknockdown, 
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‘ofa sox determination gene, Mascubiniser (re. 
sponsible for male-specific splicing of dsr and 
‘epson of transription from Z chromoscmes), 
has been similurly attired to misregulation of 
dosage compensation (29), 

Dosage compensation in A. gambiae also 
ies on hyperactiation ofthe X-ehromosome 
‘genes in males (9). Therefore, inthe presence 
‘of YOB, dosage compensation may be directly 
for indirectly induced in the X0¢ embry, lead- 
ing to ther death asa result of abnormal over 
‘transcription from both X chromosomes (fig, 
SIO). Conversely, inthe absence of YOU, lack 
‘of dosage compensation and concomitant in 
sufficient transeription from the X chromo- 
‘some should be male-ethal, rather than leading 
to feminization of the XY individuals. Indeed, 
‘we observed highly significant male deficiency 
in mosgitves suniving transient knedalenn af 
Yol in nonsexed embryos (Fig. $C). All tested 
female survivors had the XX karyotype 

Involvement ofthe ¥ chromosome factor in 
sexdeteminaion in Arpheler was fist supported 
by the finding of a single, triploid Anopheles 
ceulicifaces male withthe XXY sex chromosomes 
(25), Suet karyotype, apparently extremely rare 
and not reported elsewhere in numerous muta- 
tional and etogenetc studies in Anopheles seems 
tw counter overtranscrption ofthe Xchromnscme 
‘genes as a catse of female embryo lethality ob- 
served in our study. However, the genetic back 
ground of this male must have been severely 
compromised through the mutagenic effects of 
imadiation on his parents (25) Itthus seems likely 
that the XY male may have earied multiple 
nmstations, including those causing loss of fune- 
tion of dosage compensation machinery that 
allowed his survival to adlthood despite pos- 
sessing two X chromosomes 

‘A.gumbiae and A. arabiensis are the mast im 
portant Afizan vectors of human malaria. Con 
‘rol ofthe disease depenls heavily on the use of 
insecticides, bt emengence of resistance in mos 
‘ito populations severely threatens the effctve- 
ness of these approaches (35). The sterile insect 
‘technique and other genetic control methods 
have been proposed to complement eurrent ef 
forts to suppress mosquito populations (3, $7) 
‘Such programs must incorporate male-any re- 
leases, because released females would contribute 
topathogen transmission. However, no effective 
methods to sex the large number of Anopheles 
needed for releases currently exist. The fitness 
nd mating competitiveness of adults is highly 
‘dependent on larval density; therefore, removing 
‘females from the release generation during the 
‘embryonic stage would drastically deerease the 
costs of tearing of high-quality males (88). Yob 
‘epmsentsan exelent tool tobe used in ransgeic 
‘eehnology to cnditionaly eliminate female em 
‘ngosand efcientiy produce malecnly generations 
‘ofboth malararansmiting Anopheles species (37, 
LT ge Se Bt 8 20a 
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CLIMATE CHANGE 


Sex-specific responses to climate 
change in plants alter population sex 
ratio and performance 


‘Wiliam K. Petry,!**} Judith D. Soule,” Amy M. Mer,” Ana Chicas Mosier,** 
David W. Inouye;**Tom E, X. Miller," Kallen A. Mooney" 


‘Males and females are ecologically distinct in many species, but whether responses to climate 
change are sex-specific i unknown. We document sex-specific responses ta climate change in 
the plant Valeriana edulis (valerian) over four decades and across its 1800-meter elevation 
range. Increased elevation was associated with increased water avallabilty and fermale 
frequency, likely owing to sex-specific water use efficiency and survival, Recent aridification 
caused male frequency to move upslope at 175 meters per decade, a ate of trait shift outpacing 
reported species’ range shifts by an order of magnitude. This increase in male frequency 
reduced pollen imitation and increased seedset. Coupled with previous studies reporting 
‘sex-specific arthropod communities, these results underscore the importance of ecological 
iferences between the sexes in mediating biological responses to climate change. 


itferences between the sexes in morpholo- 
sgvand physiology can result in sex-specific 
sponses tothe environment (73). Given 
‘his, climate change may affect the sexes 
diferently, potentially creating an imba- 
lance in the frequency of males and females and 
altering pattems of fertility and populatian dy- 
‘namics (4-0). In so doing, climate change might 
ameliorate or eagarate existing sex ratio biases, 
alemativey driving population growth or dectine 
4, 7)and affecting the abit of species ranges to 
track sifting climate envelopes (8, 
We investigated whether climatie variation 
liferentally fects the performance ofthe sexes 


and whether these differences are sufficient to 
bias population sex ratios, We studied Valerian 
‘edulis valerian, Capifliaceae), dioecious herb 
with fined, genetically based sex expression 
(00,19, ver ts entire elevation ange fom atid lo 
‘levation srublandls to mesiepne nda (2000 
‘0790 m) and in response to 38 years of imate 
‘change, We assessed () sex ratio change along 
‘these two complementary axes of elimate vari- 
ation, i) the sex speific mechanisms underving 
this change, and (ii) how biased sex ratios in- 
fAuence individual fitness 

Climate varies considerably across the ele- 
vation range of V edulis (Bg. SI, Ato D, and 
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table $2). Contemporary climate data for our 
study area in the Rocky Mountains of Colarado 
(ig. 82 and table S1) showed that increasing 
‘levation is accompanied bya decrease i meat 
rowing season (June-Angust) temperature 
(059°C per 100 m), an inerease in growing 
seacon precipitation (L5 mm per 100 ma delay 
inthe date of saowmedt (41 days later per 100 m), 
and a marginally significant trend fr ineresing 
roving season soil moisture (LO9% per 100 mi, 
Collectively, these changes produce a gradient of 
decreasing aridity with increasing elevation. 

‘We surveyed population operational ex ratios 
(OSRs; the proportion of fowering individuals 
‘that are male) across this elevation gradient to 
test whether eleational variation in climate was 
‘accompanied by parallel variation in V. edulis 
‘opuation OSR. Surveys of 31 ¥- edule popula 
tions across the species elevation range in 2011 
wed tht mies decrease in feuney with in 
‘ceasing elevation (linear egrsson,F, = 10:8, 
P= 0908, R = 026) (Fig 1A fling fom 500% 
‘of fwering individuals at the lovest elevation 
‘population tp 227% atthe highest population, far 
‘an average change of -08% per 100m of eatin 
‘Spatial climatic variation thus affets V. edulis 
‘OSR, suggesting thot similar shifts may occur in 
‘response to climate change overtime, 

Recent eimate change bas warmed and dried 
our study area driving climatic ioalines up in 
devation and providing a temporal axis of el 
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‘mate variation that parallels that whieh ooeurs 
over the elevation gradient (6. St, E to H, and 
table $2), Data collected daring the growing 
season over the past four decades (1978-2014) 
show that mean tempersture increased 0:1°C/ 
decade, precipitation dereased L91 mm/decade, 
sand sol moisture deceased LS/deeade,wbreas 
snowmelt date marginally advanced 2. days) 
decade (tables Stand $2). Tis change overtime 
‘equivalent to an upslope shin the sons for 
growing season mean temperature, precipitation, 
advancement of snowmelt, and soil moisture 
trates of 36» 8, 188 2 26, 2 = 40, and 195 = 
£25 midcade (=SED, respectively. Climate change 
ver the past four decades has advanced the onset 
‘of fowering in ecu by 91 days/deeade neat 
regression, P= 0.062, f° = 0.091 (fig 8, kely 
because af an advancing date of snowmelt, wiih 
‘strongly associated with fenering phenology 
In this spaces (near rgresion,P < 0.0001, #° 
(0.47) (12). Regional climatic projections suggest 
that climate wil continue to change (1). 
‘Recent climate change hs in turn significantly 
shifted Velie OSR in a manner consistent with 
the upslope shift in climate. Surveys of OSR fom, 
rine populations in both 1978 und 2011 showed 
that males have become more frequent acras the 
species elevation range at arate of L2sdeade 
(quired # test, = 28, P = 0047) (Fig. 1B), Com- 
paring this temporal shit withthe independent, 
rll pattem of OSR variation over space shows 
that OSR isoclines are moving upslope at arate 
175 m/decade (lower SE = 87 mydeaxde, upper 
SEM = 316 m/decade), mirroring the rates at wie 
precipitation and soil moisture have changed The 
parallel changes in OSR over elevation and 
time implicate mate asthe deer af OSR vation. 
bbutdo not reveal the processes by which his cea, 
"To explore the mechanisms underiying sex 
specific responses to climate change, we quan- 
tified life history difforences between the sexes 
in four populations spanning 167 m of ele- 
vation (2470 to 3087 1) and varying 22% in 


Elevation (m) 


Year 


Fig. 1 OSR of V. edulis populations declines with climatic variation over elevation and increases 
Jn response to climate change. (A) OSR becomes significantly more female‘iased yith increasing 
<devaton across the species elevation range in conternporary surveys (201). (B) Males have sigrvicartly 
increased in frequency with cate change between 1578 and 20 by an average of 55% (black pots + 
SEM) representing nine resurveyed populations (Inked gray time pons). A mean of 294 plants were 
survyed in each population; pops with <100 fawenng plant were cersused completely, 
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‘OSR (48 to 26% male). We used sex- and size- 
structured rates of annual growth and mortality 
collected from 1978-1880 to ealeulate male and 
female life expectancy upon reaching reprouc- 
tive maturity in each population. This metric 
integrates sex differences in demographic per- 
formance across the life span and reflects the 
average duration during which a plant eontrib- 
tutes to OSR. Sex differences in reproductive 
life expectancy were concordant with popala- 
tion OSR, so that female biased OSRs were a5- 
sociated with longer reproductive ie spans than 
‘those of mals (fg. 4) and suggesting that sex- 
specific effects of climate om life history drive 
‘population variation in OSR. 

‘We sought to determine the proximate, ye 
{ologial bass forthe sex-specific effects of eli- 
‘mate by focusing an water, a key resource. A 
plant's water use effiieney (WUE; carbon assim- 
lation per unit of water transpiniton) medites 
its bit to acquire energy within the short, water- 
limited growing season (Gy, 89). We hypothesized 
‘that sex differences in WUE-a trait known to 
differ between the sexes in many plant species, 
likely resulting from higher costs of reprodue- 
tion in females (14)—underlie sex diferences 
‘in plant performance and dive patterns in OS. 
‘We measured the integrated WUE of each sex 
as indicated by leaf carbon isotope ratios eal- 
lected from eight populations varying in OSR 
(U5, See differences in WUE strongly predicted 
‘population OSR (Deming regression, fy = 206, 
P = 0.083) (Fig 2); females had higher WUE 
‘than tha of males in strongly female-iased pop 
‘ulations dow OSR), but males had higher WUE 
‘than that of femalesin populations witha higher 
‘proportion of males (higher OSR). Although these 
findings do not drei ink WUE to differential 
performance ofthe sexes, nother species this trait 
ives sex diferenoes in performance that pro- 
‘duce intrapopulation variation in OSR among 
arid and mesic micrsites (16, 

‘Variation in OSR may feedback to afectpop- 
‘ulation growth by altering pollen availability 
and sedet rates (77, We measure the sponse 
of female seat to an index of pon availablity 


‘WUE difference (AF - AM) 


Fig. 2. Sexffferences in WUE predict OSR. Each 
paint epresens a single popudtion (= & pom 
lations; 2470 to 3637 m), WUE is infeed from 3 
‘ractoation (a), and postive diferences between 
the sexes [AF ~ AM) inccate that WUE of ferales 
is layer than that af males and ice versa Data are 
means + SEM. 
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FA 


Palen availability index 


Fig. 3. Pollen availability Hits female repro: 
‘ductive success, Each point represents ane focal 
{ele cnteling fer compettion with neighboring 
females for polen. Estimated mean pollen aval 
tty for the range of eanterporary OSRs observe 
creas the V.eculseliation range and expected 
(O5Rs in the year 2100 are ncate bythe shaded 
regns where lsbeled pots (°° to "0" graph 
cally show the expect changen pollen avai 
and seedset at the species’ range margins. A 
linear model was ft ofgttranstormed datas the 
bacitransformed melt sho (2), 


‘within the range of pollen movement (2). The 
majority (-90%) of pollen was recived from 
‘males within 10 m of focal females (fg. SO), 
Female seedset in tum increased wits pollen 
availablity in this mating neighborhood (Fg. 9), 
‘ising from 99.8 to 99% of flowers producing 
sped acrose the observed range of neighbor: 
‘hood pollen availability. Simulating the effect 
‘of population OSR on seedset across the range 
‘of observed OSRs (Fig 1A and supplementary 
‘materials, materials and methods), we found 
‘thatthe observed spatial variation in OSR was 
‘aifcient to alter female Stes. Thelow frequency 
‘ofmales at high elevation (22.8%) reduced me 
dian pollen availabilty by 85% compared with 
low-elevation populations with balanced OSR, 
corresponding to a reduction in scedset from 
95 070 (Fig, 9) The demographic consequences 
ofthese effects are unclear because population 
growth rate in long-lived species is often rola- 
tively insensitive to changesin seed production 
(15, Nevertheless, ¥-eduls disperses only by seed, 
and climate effets on secdeet may thus have 
{important consequences for range shifts 

"A mechanistic understanding of OSR dy- 
namics in this system enables projections of 
the future state of V: edulis populations. Assumn- 
{ng the rate of increase im mae frequency eon 
tines (125%decade) (Fig. 18), pollen imitation 
Of reproduction at high-elevation populations 
ould be halved by the year 2100 (a median 
seedset increase of 1.2%) (Fig 3), falitating 
the upslope range expansion of this species. In 
‘contrast, inereasing male frequency at low elev- 
ation could have ile eect on seeds (+2.6%) 
‘bees females in thase populations are pollen 
saturated under contemporary, balanced OSRS 
(ig. 9), Instead, increasingly male-biased OSRs at 
low elevation may threaten population viability 
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Fig. 4 Elevation range shifts of montane plant 
species are on average an order of magnitude 
slower than the rate of V. edulis OSR change. 
(Left) The black ont + SEM indeates the pace 
[FOS shftin Ves. (Right) Aistograr shows 
the observed dstrbuton of range shits (677 ab 

sewvalions encompassing 643 species reported in 
the Hteratue), ad the mean range shift (dashed 
back tne) i nceated, 


bby eplacng females with males and thas reducing 
population Jewel seed production (7). Moreover, 
tur previous work shows that female V: edulis 
support dramatically higher densities of arthro- 
pods than do males, inciuding several specialist 
herbivores that depend exeusively om V- edulis 
(U9, 20). Accordingly, the effects ofa climate. 
driven dedine in female frequency may extend 
to higher levels of ecological organization. 

‘Our data ae distinctive in that they provide 
pace of rat change (the upslope shift in plant 
ex distributions), whereas past studies of die- 
tribution responses to climate change have fo- 
used on species range shifts. Although trait 
changes are predicted to occur more rapidly 
than range shifts (21,22), the magnitude of 
such differences is hitherto unknown. Previously 
reported rates of species range shifts in mon- 
tane plants show a mean upslope shift of 1.1m) 
doce (2), which is dramatically slower than 
the 125 m/decade upslope pace of OSR change 
in V, edulis (ig. 4), The pace of species range 
shifts frequently lags behind the pace of eli- 
mate change (2), and such range disequiibria 
are frequently attributed to dispersal limitation 
(28). tn contrast, shifts in traits within species 
‘anges may trick imate change more lasey be- 
‘use they are based on differential performance 
‘of genetically base types that often already exist 
fn many populations aeros the range. Here, we 
show that the pace of OSK change in V: edulis 
‘racked climate change: it has kept poe wis sits 
in precipitation and sail moisture and bas exwecded 
‘hose of temperature and snow (SD. 

‘We have demonstrated the accurrence of a 
potentially widespread form of biological response 
to climate change. We shaw that sex specificity 
ofthese responses ean be exreptionaly pi, with 
broad effets across multiple seales of ecological 
organization. Within populations, sex-specific 
responses to elimate change ean skew sex atios— 
‘rough sex diferenes in physiology and perfor- 


mance or otherwise (5, 9, 24)—and the resulting 
sexratio biases may, by mediating reproduction, 
affect population growth rate, the risk of pop- 
‘ulation extinetion, and the rate of adaptation 
to changing climate by altering the effective 
population size (25, 20. In so doing, climate- 
driven changes in sex ratio may ao contol the 
‘tempo of species range shifts by mediating mate 
limitation a the leading or trailing range mar- 
sins (8, 9). Accordingly a fall understanding of 
brclogial responses to climate change requires a 
‘multiscale approach the integrates the wnder- 
ling, but often eryptie, changes in intraspeciic 
‘its that give rise to higher-order patterns 
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CARBON CYCLE 


Mycorrhizal association as a primary 
control of the CO, fertilization effect 


(César Terres Sara Vicca,* Bruce A. Hungate,* Richard P. Phillips 1. Colin Prentice'* 


Plants buffer increasing atmospheric carbon diaxide(C0.) concentrations through enhanced 
‘growth, but the question whether nitrogen avalablty constrains the magnitude ofthis 
‘ecosystem service remains unresolved. Synthesizing experiments from around the worl, we 
‘show that COs fertilization is best explained by a simple interaction between nitrogen 
availabilty and mycorrhizal association. Plant species that associate with ectomycorrhizal fungi 
‘show a strong biomass increase (30 + 3%, P < 0,001) in response to elevated CO. regardless 
of nitrogen availablity, whereas low nitrogen availablity limits CO, fertilization (0+ 546, P 
(0.946) in plants that associate with arbuscular mycorthizal fungi. The incorporation of 
‘mycorthizae in global carbon cycle models is feasible, and crucial if we ae to accurately project 
‘ecosystem responses and feedbacks to climate change. 


‘ervestrial ecosystems sequester annually 
bout a quarter of anthropagenie carbon 
dioxide (CO, emissions slowing imate 
change. Wil this effect persist? Two con 
traditory hypotheses have been offered: 

‘The first is that CO, will continue to enhance 

plant growth, partially mitigating anthropogenic 

(COs emissions (1,2), whereas the second i that 

nitrogen (N) avalability wil limit the CO, fet 

iaation effect (3, #), redueing future CO, uptake 
by the terrestrial biosphere (5-7). Plants exper 
imentaly exposed to elevated levels of O03 (€C0:) 
show a range of responses in biomasfrom lage 
and persistent (8, 9, to transient (6) to nonexistent 

((o)-leaving the question of CO, fertilization 

‘open, Differences might be driven by different 

levels of plant N availability across experiments 

(2, but N availability alone eannot explain eon 

trating results bused on available evidence (72) 

For instance, among two of the mast studied ree 

air CO, enrichment (FACE) experiments with 

trees, eC0, enbanoed biomass production only 
ding the first few years at Oak Ridge National 

Laboratory (ORNL)-FACE (6), whereas trees in 

the Duke University FACE experiment showed a 

sustained enhancement during the eouse of the 

‘experiment (8), despite N limitation. In addition 

101 limitation, other fats have been sugarsted 

as potential drivers of the response of plant bio- 

mass to COs! age ofthe vegetation (13), water 
limitation (24, temperature (15), type of vege 
tion (12). or even the e00, fumigation technology 

‘used (1). Although these factors may explain same 
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servations, none his been found to be general, 
explaining the range of observations globally 

About 94% of plant species frm associations 
‘with myeorsizal fungi, an ancient mutuals, 
thought to have facilitated the colonization of 
land by erly plants (26). this mutuals, the 
fangus transfers nutrients and water tothe plant 
in exchange for carbohydrates, which are neces- 
sary fr fungal growth, Myeorshizal fang are 
critical for terrestrial C eyling (17); are known, 
to influence plant growth (28), utzient eyeing 
(09,20), and sil earbon storage (2); and respond 
Strongly to elevated CO, (22,2) Yet, their impact 
fom the N-dependence ofthe CO, fertilization ef 
fect has not been tested, despite the increasing, 
‘evidence tht 8 inition constrsns the CD, fer 
tization effet (5) Arbusealar mycorrhizae (ASD 
and eetomycorrhizae (ECM) are by far the most 
‘widespread types of mycorthizae (4): AME-plants 
predominate in deserts, grasslands shrubland, 
and tropical forest ecosystems, whereas ECM 
fungi predominate i boreal and many temperate 
forests (for eample, those dominated by Pinu). 
ECM can transfer N tothe hot plant under eC, 
to sustain CD, fertilization (25), whereas the sym 
biotic effects of AM fungi in Niimited systems 
an range frm beneficial to parasite (19) Henos, 
the association of Liguidambarstyraifus with 
AMIungi at ORNL-FACE, and Pinus tac with 
ECML-fungi at Duke-FACE, might explain why 
only trees inthe latter could inerase Neuptake 
and take advantage of €CO, to grow faster for 
sustained period (20,25). We tested the hypoth 
ess that the differences in the nutrient econo 
mies of ECM and AM fungi influence global 
patterns of the magnitude of plant biomass re- 
sponses to elevated CO,. 

We synthesized data (overview is provided 
{in table St on total plant biomass (grams per 
Square meter) from 83 eCO, experiments (fx, 
Si), separating responses into aboveground bio- 
‘mass (n= 89) (Gg. 82) and belowground biomass 
(= 82) (ig $3) ina mised fects meta-analysis 
As potential drivers of the plant biomass re- 
sponse, we considered the inerease in atmos 
pherie CO, concentration (ACO,), mean annual 


‘predpitation (MAP), mean annual temperature 
(MIAN, age of the vegetation atthe start of the 
cesperiment, vegetation type (such as grassland 
or forest), CO, fumigation technology (such as 
FACE or growth chamber), length of the study 
(gears) dominant mycorhzal type (AM or ECM), 
and Ntatus [high oF love N availabilty, consid- 
fring soil characteristics and oceasional fer- 
tilizer treatments, following the approach by 
Vieca et a. (17) and assigning all experiments 
‘with indications far some degree of N limitation 
tothe low N" class and experiments that were 
‘unlikely N Hited tothe “high 3° class] up 
plementary materials, materials and methods, 
and table 52. 

“Model selection analysis, based on corrected 
Akaike Information Criterion (AICO) showed that 
the most parsimonious model within two AICE 
‘units included status, mycorrhizal type, and 
ACO, (P< 0.001). The relative importance ofthe 
‘predictors (Fig. 1) supported the removal of eli- 
rate variables, length of the experiment, age of 
‘the vegetation, fumigation technology, and system, 
‘type. Some predictors reduced the CO, effect on 
biomass (such as age ofthe vegetation), whereas 
‘others were associated with an increased CO, ef 
fect (such as ECM, ACO, and high N availabilty) 
i. $9. 

‘The response of total biomass to an increase 
‘of CO, from 400 to 650 umol mol was larger 
(P © 0.001) in ECM (80 = 39%, P < 0.001) han in 
AMlominated (7 + 4%, P= 0.080) ecosystems 
(mean + SE, mised effects metaregression). The 
‘overall response of total biomass was 20 + 3% 
(P 0001, which is similar to previous meta- 
analyses (15), with a langer effect under high 
(27%, P< 0.00) than low N availability 05 = 
4%, P< 0.000, as expected (5,7, 1, Furthermore, 
‘we found a strong interaction between mycor- 
thizal type and N-satus (P< 0.000; under low 
availabilty, eCO; had no effet on total biomass 
fof AM-dominated species (0 = 5% P = 0.946) 
‘but increased biomass by 28 = 5% in ECM- 
dominated species (P < 0001) (Fg. 24), Under 
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Fig. L Model-averaged importance of the pre- 
dictors of the CO, fertilization effect on total 
biomass. The importance is based an the sum of 
‘Ake weights derived rem model selection using 
‘Ce (Akaike Information Criteria corrected for 


‘small samples). Cutoff set at 0.8 (dashed tne) 
inorder tociferenate among the most impertant 
predictors 
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high N availability, the CO, effect om total bio- 
mass in both AM- and ECM-dominated species 
‘was significant: 20 = 69% (P = 0.002) for AM and 
89 = 4% (F< 0001) for ECM (Fg. 24), with no 
‘significant differences between the two groups 
(P = 0.39). Hence, high N availabilty signif 
cant ineeased the C03 effect in AM [post hos, 
‘Tukey's honestly signfiant diference (ESD). 
ad} = 0.038] but notin ECM associated species 
(eal? = 0999). 

"The pattems observed for total biomass were 
‘flected in both aboveground and belowground 
biomass. Under low availability, CO, stimu: 
lated aboveground! biomase significant in ECM 
plants (P< 0.00), with no effect in AM plants 
(P = 0584) (Fig. 28). Similarly, €CO, enhanced 
‘lowground biomass in ECM plants at low N 
(P = 0.008) but not in AM plants (P = 0907) 
(ig. 20). 

‘We conducted a sensitivity analysis to ensure 
that the findings were bus. Fist, we added 
an intermediate level of N availability (ale $2) 
by assigning some ecosystems that were initially 
classified as “low to a “medium” cass (for ex- 
ample, Duke, Aspen, and ORNL) (Gg. $5). This en 
abled esting whether the lage CO, stimulation 
in ECO plants was driven by experiments with 
intermediate Navalabiity Second, we weighted 
inva experiments bythe inverse ofthe mined 
‘model variance (fig. 86) so as to ensue that the 
‘weights of the metanalis did not affect the 
‘outcome Third, we mn a separate meta-analsis 
‘with the subset of experiments with trees only 
(Gg, 7). Previous metasnalyses have reported 
that tees are more responsive to eCO, than are 
zaslands (12) as such, our findings could reflect 
lifer of plant groves frm rater than my 
‘orthizal assocation per se. Berause tres are the 
only type of vegetation that can associate with 
ECM and AM (or both), an analysis of tee re- 
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lomses response to 80, enenent (8) 


Fig. 2. Overall eects of CO, on plant biomass. 
(Ato ©) Elects on (A) total () aboveground, ane 
(€) betground biomass for to types of mcr: 
shizal plants species (AM and ECM) in Nite 
‘periments (ow N) or experiments that are un 
aly Noimited (hgh N). Overall means and 85% 
confidence internals ae giver: we interpret CO 
‘effects when the zee line israt crossed) 
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sponses to CO, can thus be used to isolate the 
influence of mycorrhizal type from that of veg- 
‘tation grove form These thee sensi’ analy 
ses confirmed thatthe CO, stimulation of total 
and aboveground plant biomass was significant 
fd lange in ECA plants eegardless of Naval 
ability, whereas the effact as not significant in 
‘AM plants under low N availability. The trend 
‘was consistent for belowground biomass in ECM 
plants, although with high variance and low 
Sample size, the effect was not significant 
0.244) under low N when the “medium” class 
vas inched. 

Plant uptake can be enhanced through my- 
combizal asodiatons or through associations with 
‘fing microbes Some ofthe CO, experiments 
fn our study contained N-fixing species, which 
right have increased N availabilty (table $3) 
CO, stimulated aboveground biomass in AM 
species under low N by 8 3% (P= 0.019) inthis 
subgroup of experiments that included N-fxing 
pocis, wheres the remaining AM experiments 
under low N availablity sowed no biomass re 
sponse to eC, (1 10%, P = 089%). But even 
‘with the addtional N input from Ne fsation, the 
8% biomass increase in AM plants under low N 
was considerably smaller than the 28 = 5% in- 
reas found for ECM plants 

‘Most CO, experiments have been caried out 
in the Northern Hemisphere (fg. 88), where N, 
rather than phosphorus (Ps imiting AM fungi 
transfer lange quantities of P to the plant and 
hhence are more likely mutualistic in Pimited 
coosystems (19). Tropical forests are typically 
ssseiated with P limitations and dominated by 
AAM-fungi and could potentially show enhanced 
biomass under eC, The role of nutiens on the 
(CO, fertilization effet in these Psimited forests 
hs yet to be explored (25). 

‘Responses of plants to rising COs are thus 
wel explained by a simple interaction between 
1 and smicrobial mutwalists; When Nava 
ty is limited, only plant species that associate 
‘with ECMfung show an verl biomass increase 
due to eCO,, Several mechanisms could explain 
these responses. First, ECM-associated plants 
typically allocate more C to support myvortizae 
thn do AM plants, particularly under eCO: (23) 
Moreover, because ECM fungi, unlike AM 
fang, produce extra enzymes that degrade 
longanie N compounds (27), increase allocation 
to ECM fungi under 00, may supply host plants 
vith the XV needed to sistin their growth ro 
sponse to eCD,. This may explain why €CO, fen 
stimulates pring eft in ECMlominated cwo- 
systems (28,20), Sscond differences in iter quality 
between ECM and AM plants may influence how 
much N is available tobe primed or decomposed, 
Soveral sues have reported that AM plans poo. 
duce liters that decompose faster than those of 
ECM plants (20, 90) Given emerging evidence 
that fast decomposing litters promote the forma 
tion of stable mineralassociated onan mater 
(6, 8), much ofthe onze N in AM-dominated. 
ecoaystems may be inaceesible to AM plants oF 
their ascociated myorshizae (20). And whereas 
slow-degrading ECM liters may reduce N avail- 


ability inthe short term, most ofthe N exists in 
particulate forms, which should be accesible to 
‘most microbes (ined BCM fing). Theron, 
AM fungi are equipped with less specialized en- 
‘mes for N acquisition than are ECM and oocur 
{soils whieh Nis more ight protected. Both 
{atoes would presumably limit the enhancement 
‘of AM plant growl in response to eCO., 

“Mycorrhizal symbioses are not accounted for 
{in most global vegetation models (24). Thus, the 
projected CO, fertilization effect by “earbon- 
‘only models (1) i ikely overestimated for AM- 
‘dominated ecosystems, which cover ~65% of the 
slobal vegetated area (24), albeit only when N- 
limited, On the other hand, global models that 
‘consider N limitation to constrain the CO, fertile 
‘uation effect (4) likely underestimate responses 
‘ofECM plants to COs, an area that encompasses 
“258 of the wegetated area ofthe earth (24), most 
‘of which i considered Nite by these model, 
‘Our framevvork reconciles the apparent discrep 
ney between widespread N imitation (, which 
{is assumed to limit C sequestration on land 4), 
land the observed increase over time ofthe ter- 
restrial Cink (1,2), which sthougt tobe driven 
primarily by CO, fertilization (33). These results 
‘may also partly explain past fnlings that forests 
(commonly ECM) show stronger responses to 
{COs as compared with grassands (AM) (2) 
‘We propose that the CO, fertilization effect be 
‘quantified on the basis of mycorrhizal type and 
sil nitrogen satus, and tha langesraleecorstem 
‘mevlls incorporate mycorrhizal types to acount 
forthe differences in biomass enhancement by 
CO, Mycorrhizae are ubiquitous and sort pre- 
ty ith plant functional type (24, 2), making 
feasible their inclusion in modesto cape this 
‘microbial influence on global biogeochemistry 
‘Accounting forthe influence of mytorizae will 
improve representation of the CO fertilization 
effet in vegotation models, whieh is rita far 
projecting ecosystem responses and feedbacks 
to climate change 
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BIRD FLIGHT 


Frigate birds track atmospheric 
conditions over months-long 
transoceanic flights 


‘Henri Weimerskirch,"** Charles Bishop," Tiphaine Jeanniard-du-Dot,* 


‘Aurélien Prador,*# Gottfried Sachs" 


Understanding how animals respond to atmospheric conditions across space is eitical for 
‘understanding the evolution of fight strategies and long-distance migrations. We studied the 
three-dimensional movements and energetics of great frigate birds (Fregata minor) and 
‘showed that they can stay aloft for months during transoceanic flights. To do ths, birds track 
the edge of the doldrums to take advantage of favorable winds and strong convection. Locally. 
they use a roller-coaster fight, relying on thermals and wind to soar within a 50 to 600-meter 
altitude band under cumulus clouds and then glide over kilometers at low energy costs. To 
deal with the local scarcity of clouds and gain longer gliding distances, birds regulary soar 
inside cumulus clouds to use their strong updrat, and they can reach altitudes of 


‘4000 meters, where freezing conditions eccur. 


lhe movement of animals is driven by pro 
cesses that at across multiple spatial and 
temporal sales Longistance movements 
such asthe migrations ofbirds have evolved 
in esponse to large-scale environmental ga- 
ents (In particular, atmospheric conditions 
playa lange role in determining the efficiency of 
gator oes shins ensisencyover ears has 
allowed evautionary processesto art at population 
levels (2)At smaller time and spatial scales, lng 
‘ange moements have to constantly be adjusted 
to local eontions in particular to minimize enersy 
‘expenditure (2) These long movements or mig 
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rations can be done over inhospitable areas as dif 
ferent a deserts, high mountains, or ean wie 
‘come with speifc environmental eonstrains to 
‘which beds need to behaviorally nl physiol 
inal adapt their ight strategies (5,6) How these 
Jong restless fights canbe energctialy achieved 
hha attracted much intrest, but remains largely 
‘unknown because of the inerentdifcutes of 
studying such behaviors in stu. 

‘Biologists have long been attracted to locomo- 
tor etremes hocause they provide clear examples 
‘fom which information abot tractursfnction, 
relationships ean be drawn (7). Among birds, ig- 
ate birds are extreme in many aspets of tei ite 
history, including having the lowest wing loading, 
vwith a specialized capecity for soaring ight (9) 
‘They are also unusual seabirds because their 
feathers are not waterproof and their legs are 
small so they are unahle to land on the sea surface 
ven though they fc exctsively at sea. Mey deal 
‘with these conflicting constraints by staying aloft 


for days when they are foraging from their nest 
‘when breeding (}- Probably asa consequence of 
these extreme attributes, frigate hinds have the 
longest period of parental eare in birds, suas 
‘ng along period of learning to acquire ight and 
foraging abilities in early ie (1) Their ability to 
remain airborne continuously for days is probably 
possible because ofthe capability of rigate bids 
to use thermals over the sea asa iain energy 
source for soaring (12). 

‘Weasked how frigate birds can perform long 
‘ngratons ener ota without landing and whet 
‘eroceanie thermalsae reliable enough in space 
and timetoallowrbirds to stay airborne overlong 
periods. To address these questions, we inves- 
‘tigated the movement of figate birds at several 
spatial scales with regard to (i) how frigate binds 
rake us of larger ther sytem to errr 
Jong range movements a i) bow ight dymamice 
and energstics ata finer sale contribute to these 
Jong ranges. 

‘We studied the three dimensional movements 
and energetics of frigate birds on Europa Island 
(ig. 1) between 201 and 2015 (1 To study arse 
seale migratory movements, 24 adults and 25 
juvenile birds were equipped with solar-powered 
‘Angus transmitters (18)-To sty the relationship 
‘between heart rate activity (lapping frequency), 
and behavior (ascent rates and horizontal speed), 
1 adalt females were equipped with external 
custom designed loggers measuring trial accel- 
eration and electrocardiograpy and a Global 
Positioning System (GPS) device (13) To study 
movements, activity, and ambient temperature $7 
adult females and males were equipped with soar- 
powered GPS accelerometers, whose data were 
recovered regulary by an automatic recording 
station (9) 

During the southwest Indian monsoon from 
“June to October, strong trade winds eur in the 
‘southern Indian Ocean and eros the equator to 
form southvvest winds in the northern Indian 
‘Ocean (4) (ig) During this season, adult rigte 
birds finishing the breeding season left Europa 
and migrated northward to take advantage ofthe 
southerly winds They settled on roosting sites in 
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Juveniles 


Fig. L Movements of adult and juvenile frigate birds in relation to wind conditions in the Indian Ocean. (Let) Tio suscessie dooce meerents 
from Ackra and (Seycheles) of an act mae great teste br a TEC) fain to vie! srerth (¢ eters per seced cele scale) an rection (aw). (A) 
ay 2005 224 cy fragt arnt crue (chow bythe bance ofr wt) 1 ayo etn Chagas. (B) I. tine 20S a 28 day erage wth a 
Baur rest n Chagos (6) Movernens between Jue ard September 205 of jeung reste ins edge from Europa sr rrewng arcund the doldrums zone 
{B) Climatology of wind speed and drecton (average values over 4 mars) in Lue to Septber 2005 showing the average postion of the doldrums (white) on 


the equator 


the Seychelles from where they foraged for 
months. Some adults performed long looping 
‘movements around the equator, were abet af 
converging air and wind oeeur wih no wind in 
the enter name the doldrums zane by ancient 
mariners (Fig. 1). On successive loops, adults 
closely followed the edges of the doldrums, 
‘whieh oscilate longitudinally (Fig. A and B), 
Birds stayed continuously on the wing for pe 
‘ods lasting up to 48 days and traveled on a 
erage 420 + 200 am dally 

‘Young frigate birds let thelr birthplace nt the 
sami time as adults, but independently oftheir 
parents. The erssed the equator and turned eas 
‘war to emter into a civula transcceanie move 
‘ent into the wind beltarvund te doldrums Fig 
1.C and D) During these dispersive movements, 
juvenile bids stayed continuously alot fr fights 
lasting upto 2.1 months average maximuma time 
spent aloft, 412 = 151 days, = 8 birds). They 
‘travelled on average 450 2 220 km daly: They 
cpisodically stopped on isolated islands such as 
‘Chagos, islets off Indonesia, or on islets ofthe 
Seychelles archipelago for very short rests (8 to 
48 hours) before continuing their langeseale wan 
dering movement tracking the edge of the do 
‘drums (Fig. 1Cand gS. They lew at abttudes 
ranging between the sea surface and 3000 m, 
‘but mainly between 0 and 600 m (fig. $2) 

‘Tounderstand how frgatebirds are ableto stay 
aft for sul long periods, we studied their ight 
‘dynamics and energetics during 2-to Say fora 
ing trips from Europa. Breeding frigate birds trav 
‘leon average HO 142 km per day (= Ii, 
nainly during the daytime, traveling over shorter 
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distances at night (Fg. 2) Two clear behavioral 
‘modes were identified during movements at sca. 
“Traveling oourred with high ground speeds and 
low wing beat frequencies (82+ 9% of raving 
time with oor rare wing beat) wah bids remuin 
Ingat altos ranging from $0 to 2000 m, reach 
ing upto 4120 m. Foraging ean only oceur when, 
birds descend dose to te sea surface (altitudes O 
to 30 m), and during these pesiods they are very 
active flapping during 75 = 18% of the foraging 
phase (Fig. 2). Active foraging occurred only 
episodically (10+ 7% of time at sea) indicating 
rare feeding opportunites, mainly during the day 
(0:9 of houts of active foraging occurred 
during the daytime) 

‘When in fight at sa, heart rate was on average 
‘20+ beats min but varied extensively (Fig 2 
and figs. $8 and $4 occasionally attaining values 
tas low as when resting on the nest (7+ 25 beats 
rin, range 57 to 245). Heart mate and dynamic 
body acceleration were generally well corelsted 
(Us figs. $8 and 84; therefore, we used dynamic 
body acceleration, measured on al individuals 
the main proxy for energy expenditure. Whereas 
active foraging is wery costly for frigate bird, re 
(quiring high dynamic body acceleration and heart 
rates, traveling periods have a remarkably low 
energy expenditure, with few wingbeats (Fig. 2 
and ig 88) suggesting that overall eld metabolic 
rate during months at seas ely tobe exeptionlly 
low Us) (Bigs. $5 and $6) Bxcluding periods of 
active foraging close to the surface, dynamic body 
fsecleration was the lowest at alts between 
300 and 600 m (fg. $7), indicating an optimal 
altitude for traveling at low est. 


“Traveling a low cost is acleved by sucesive 
limba mainly through soaring with no or few wing 
‘aps and low heart rat, and descents, by gliding 
(Figs 2and 3), A close examination of ight paths 
shows that when soaring birds mave withthe wind 
(fg S8), using cing movements to sur (Fg. 30) 
in thermals belo cumulis dows were ris 
‘creates updrafts (8) Because of the strong trade 
‘winds, they deft with the wind while climbing 
(ig. 9), resulting in wind dritcrlng soaring” 
Conversely, when ghiing, they preferentially fy 
‘with side winds and achive the highest ground 
speeds (Figs. 2 and $ and fig. $8). The resulting 
movement is a comple ig zageing. roller-coaster 
movement, with an average alitude xin of 59. 
‘43.8 m per kilometer eovered (ground distance) 
jie, 164 = 80 kam climbed daily. These vertical 
‘movements tae place ental po 600 to 700 mn 
cornsponding tothe base of the cumulus clouds 
‘that i relatively constant throughout the trade 
wind zane (1). 

iwever, birds regularly climbed upto 1000 to 
2000 mith a masa of 120 mig.) The 
frequency of limbs at altades higher san 700m, 
‘increased throughout the day to peak during the 
first hours of night (Hig. S10). Climbing to high 
altitudes ean be separated into a phase f slow 
‘limb up to the base ofthe cumulus clouds at 600 
10700 fllowed by a more rapid climb to 1600 m 
(ig 20) or higher. This second pase ofthe ascent 
is performed without flapping the wines Fg. 20); 
ie, in pure soaring fight and with climb rates 
reaching toms "at 2000 t09000 m (fg, SU) 
‘Ascent thigh akitade can ony take place inside 
‘cumulus clouds, where updrafs each 5ms*and 
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Fig. 2. Movement, changes in altitude, heart rate, and fight parameters during a 2-day trp at sea. 
(8) 1150 lrvlong reavernert fram Europa during the daytime (green) ard night (blue) with foraging 
Dus in re, with recorded (B) heart rate and (G) altitude. Shaded bue areas represent nighttime, and 
red blocks represent foraging buts. (B) A 2-hour period during te tip at sea, with an active foraging 
‘phase fllowedty a traveling phase, showing the changes inalttude and corresponngheart rate. wing: 
‘tapping rat, climb rte, and ground speed. On the altuce panel the predict presence of curtis 
‘lauds fs inscated (gray). 


are strong enough to provide such climb rates (25). | an atmospheric feature whose location is predict 
During tn gliding phase made outside the clouds, | able. Loaly, they display a specifi fight stmtegy 
‘theminimum sinkratewas236-+10.1mofground | based onan energy-efficient use of eomvection and 
distance covered per meter last between 500-to.| wind. By using wind drift cinding soaring and long 
periods gliding frigate binds are abe to simul- 
taneously use convection and wind as energy 
‘Our study shows that frigate birds can remain | sourcesand move overestensve distances at low 
almost indefinitely on the wingby tracking, ata | enengy costs They fvor altitudes between 50 and 
‘buin-wideseale the wind belt around thedoldcums, | 600m, where atmospheric conditionsare optimal 
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{or low-eost fight; Le, steady winds and updratis 
from convection under ouds (Fig 4). These ali- 
tudes are also convenient to spot feeding oppor- 
tunities from long distances away during the 
‘daytime; birds then descend close to the surface 
to forage actively when feeding opportunites have 
‘heen detected (9 

“Although birds are not thought to earry out 
‘intentional, sustained cloud climbs (17,18) our 
study shows the ability of frigate binds to trequent- 
ly ascend to very high altitudes inside clouds. At 
an altitude of 4000 mar temperatures are nega- 
tive and air density and oxygen availability are 
almost half of those at sea level (17), suggesting 
‘that this tropical bid encounters extreme con 
ditions at such altitudes. Cumulus clouds and 
‘lod fields are considers to be randomly dis- 
‘uibuted in space inthe trade wind zone (0). In 
these conditions, climbing higher than 1000 m 
presents a fundamental advantage by allowing 
frigate birds to cover mich longer distances by 
sliding to reach thenext updraft under loud; for 
‘example, 60 km of ide from 4000 m as com 
‘pared to 17m when starting a glide just atthe 
‘hase of eumulis clouds. Therefore, when clouds 
are sparsely distributed, birds can adjust their 
sling distance by climbing higher to avoid the 
riskof itchingto costy lapping Might Juvenile 
‘ndvduals are able to maser the fight strategy 
‘of adults as soon as they become independent. 
‘When they leave their birthplace, they all ead 
north to reach the equator and cide the entre 
Indian Ocean, Ths stereotyped movement sug 
ests a genetically encoded beluvior that brings 
‘young individuals dirty to a predictable, avor- 
able, and largesale atmospheric feature lated 
‘thousands of omer rom thee biplane. 

Great frigate birds are the ony birds ther than 
swift (19) to be able to stay alo for months. 
{Long periods in continuous fight ar interrupted 
‘by very short periods of rest on lcd, suggesting 
‘Hat rigate binds might sleep while airborne (20, 
Perinds oflow activity (no Napping) occur mainly 
luring soaring episodes and may allow slep. 
However, periods of eompletely motionless (no 
‘lapping at all) fight, potentially corresponding 
to periods of sleep, are relatively short, (~2 min, 
never exceeding 2 min) Animals such as frigate 
birds may have evolved the ability to dispense 
‘with sleep when eclogieal demands favor wake- 
fulness suchas during extended fights (22, but 
studies are needed to determine how they sleep 
during much longer-lasting Mights 

Fejgate birds early entounter several atmos- 
‘hee challenges during their movements at sea, 
such as low temperatures, low air density and 
‘oxygen levels during high climbs, and the un- 
‘prt distribution of cumulus douds at small 
scale, together with the presence of powerful 
‘donesin their optimal range This dependence on 
atmospheriesysiems could make them particularly 
sensitive to future climate changes, along with 
Some other seabirds (2) Climate models fr the 
‘tropical azan foreeast an increase in the intensity 
of topical storms and of eanvetons around the 
‘equator, where the doldrums and strong con- 
‘veetions occu (28). More variable atmospheric 


seiencemag org SCIENCE, 


Downloaded from hitp://science sciencemag.org/ on June 30,2016 


RESEARCH | REPORTS 


3. Three-dimensional movement ofa frigate bird at three scales. 
(A) Section ofa tack of agate be traveling wit side winds. (B) E> 
lxgerent shaving the movement aterating asi and soaring resulting 
ina aipzag and rlercoaser movement. (G) Detaled schematic repre 
senfation of single ce of soaring and lng strain the ci by 
Ceclng witha resuting dit due to wind, flowed by the descent 


Altitude (m) 


Fig. 4. Atitudinal movement ofa frigate bird in relation to potential atmospheric conditions. 
‘The traveling fight is performed between 30 and 600 te 700 m atitude ina band wth regular winds 
voicing the turbulence close tothe surface, The br accasionaly climbs ta 2000 m within cumulus 
Cours that form by convection, whese base is at 600 to 700 m and whose vertical extension is 
liited by the inversion layer where strong shear occurs. A schematic presentation ofthe updratts 
and downdraft characteristic of cumulus cours fs shown at fet (24), 
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conditions in the future may become too chal- 


lenging for a species that already seems to 
‘encounter extreme conelitions during its fe. 
‘time movements 


as cis, 
2. Telos Lv a rd iat: Pytgy 
sn Ey E Sues, Ene, 
1 Fraps tment pty 
LE Gila al Pre Bet Sx 26 447-457 (2005) 
Ce ao See MK GOI (2000, 
alton dona (ern Pes Our 


15 Sheth slaty rata See ee, 
{5-URag Wig eh WO ys Rs Ai 


{LY ame VoL ass sve a0 77 


Downloaded from hitp://sclence sciencemag.org/ on June 30,2016 


RESEARCH | REPORTS 


(career 2 
one. ae i 


ALE Mate OF Sieh 8 at 


a Phar egy iL 35 


SOUT-A art apevn POS ADS SO 


Flee (5-30, 


1 Febru 205 ele 20 206 


‘TRANSCRIPTION 


Visualization and analysis of gene 
expression in tissue sections by 
spatial transcriptomics 

‘Patrik L, Stahl,'** Fredrik Salmén,** Sanja Vickovie,*} Anna Lundmark,*" 


José Fernindez Navarro," Jens Magnusson," Stefania Giacomello,* Michaela Asp,* 
Jakub O. Westholm,* Mikael Huss,* Annelie Mollbrink;# Sten Linnarssan,* 


‘Simone Codeluppi,’ 


* Ake Borg,” Fredrik Pontén,” Paul Igor Costea,* Pelin Sablén,* 


Jan Mulder," Olaf Bergmann,’ Joakim Lundeberg,”{ Jonas Frisén' 


‘Analysis ofthe pattern of proteins or messenger RNAS (mRNAs) in histological tissue sections 
is cornerstone in biomedical research and diagnostics. This typically involves the visualization 
‘of few proteins or expressed genes at atime. We have devised a strategy, which we cll "spatial 
‘ranseriptomics” that allows visualization and quantitative analysis ofthe transcriptome with 
‘spatial resolution in individual tissue sections. By positioning histological sections on arayed 
‘reverse transcription primers with unique postional barcodes, we demonstrate high-quality 
RNA-sequencing data with maintained two-dimensional positional information from the mouse 
‘brain and human breast cancer. Spatial transcriptomics provides quantitate gene expression data 
‘and visualization ofthe distribution of mRNA within tissue sections and enables novel types of 
bioinformatics analyses, valuable in esearch and diagnostics. 


issue transeriptomes are typeally sudied 
by RNA-sequencing (RNA-Seq) (1) of ho 
rmogenized biopsies, which results in an 
sveraged transripiome and loss of spatial 
information. The positional context of ene 
‘expression is of key importance to understand. 
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ing tsue functionality and pathological changes. 
Sever strategies have recently been developed 
‘with tis nim (2-5), but they have limitations in 
the mumber of transcripts that ean be analyzed, 
rely on rch preexisting data sts, and/or are costly 
tnd laborintensive, and none of therm are opera 
tional in the stindard research and diagnostic 
setting of regular histological tissue sections 

‘We asked whether it would be posible to in- 
troduce positional molecular barcodes in the 
complementary DNA (eDNA) synthesis reac- 
tion within the context ofan intact tsste section, 
before RNA-sog. We first assessed whether it was 
feasible to generate cDNA from messenger RNA 
(@nRNA) in tissue sections on a surface. We im 
mobilized reverse-transerption oligo(dT) peimers 
fon glass slides and placed on the sides sections 
of adult mouse olfactory bulb, a brain region 
‘with ea histological andmars and ample gene 
expression reference data. The tissue was fixed, 
stained, and imaged (Fig. LA) @). 

‘After permeabilization, we added reverse- 
‘eunsription reagents ontop ofthe tissue We used. 
fluorescently labeled nucleotides to visualize the 


synthesized eDNA (Fig 1A and fig S1). The tissue 
‘wasthen enzymatically removed, which eft cDNA 
couple to the arayedoigonudeties onthe slide 
(6, The uonscent cDNA showed a pattem in detail 
‘aresponding to the tsue structure reve by the 
general histlgy (Fig L Band C) and the cDNA was 
Strict eal det under inva alls Fg, 
to G) By comparing the hemutorylinand-easin 
and fyorscent signa, we could measure the aer- 
age distance of diffasion outside the border of a 
coll to 17 2 2 um (mean + SD) (Bg SI, Eto H). 

‘The realization that it is possible to eapture 
‘mRNA in tissue sections with minimal difsion 
and maintained pastional representation moti- 
‘ated us to array oligonucleotides with positional 
‘barcodes (Fig. 24), and we denoted ths strateay 
“spatial trnsrgtis” We deposited -200 milion 
oligonucleotides in each of 1007 features, with a 
‘amt of 100 jm anda center eenter distance 
‘200 rower an ae of 6.2 am by en i 2). 

‘Aer epturing and reverseranseribing mRNA, 
‘we generated sequencing libraries based on 
amplification by in vitro transerption (fig. 58, A 
and B) (7, 8) Comparison with data from RNA 
cextracted and fragmented in solution revealed 
that -959 of the genes found with one of the 
thors was alo found with the other (ig, SI) 
“Thecoreation beten the surface and insaltion 
braves was r = 0.94, with even representation 
‘of genes having high or low expression (fg. 83D) 
Replictes of surfare-based experiments of aj. 
cent tive sections showed a corlation of r 
(097 (fig SSE). Tous, cDNA synthesis from tissue 
‘with arrayed oligonucleotides on a surface is f= 
ficient and does not introduce bias compared 
‘with insolution protocols (8g S3F and table SD, 

‘We sorted the RNA-seq data to its correspon 
ing aray features by using the spatial barcodes 
and aligned the tissue image wit the features of 
‘the array, which enabled visualization and analy- 
ses Examples of gnt-expmssion pattems vee 
‘by spatial transerptomics and validation by in sit 
hybridization ae shown in Fig. 2 and i 4, Ato 
Transcripts expres at very low levels soe as 
olfactory recep mFINAS (9), were also detected 
‘with sata transerptomies (ig. S4D). 

‘The numberof genes (10) (Fig. 20) and unique 
‘ranseripis (fg SA) per individual feature varied 
‘etseen cel ayers with diferent ell density Fig 
and table $2). For the vast majority of genes, 
‘tHe coefficient of variation decrease! a the aver 
“ge expression increased (i. SSB). The number of 
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Imaging gone expression 


Tissue 


factory bulbs and (C) fluorescent cDNA a 
PL eur pleior 


9 ce 


snes and transcripts captured was atleast ice | tanseripomics withthe near 100% sensitivity 


as high as when using ler eapeure microds- | singlemolecule 
section (2), and spatial transeriptomics detected | in adjacent tissue sections. The sens 
almost twice as many genesas examination by ia | tial transeriptomics was 69 + L 
situ hybridization in the Allen Brin Al Jecule Nuorescent i sta hybrid 
S5,Cand Dy Furthermore, we compared spatial | $6). By comparison, single-cell RNA s 


sine and imaged. cDNA sythesis wth Cy 


is In (0) ane (E) magnified showing 


resent in ita hybridation | sitivity (12) 


To further assess the potential lateral difsion 
tel the distribution of 


of transerips, We inves 
the expression of 10 different genes with highly 
‘enriched expression in the mitral ell ayer (MCL 
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Fig. 2. Spatially resolved gene expression. (A) Each array feature contains 
‘unique DNA barcode probes containing cleavage te, T7 ampifeation and 
sequencing hal, 2 spatial arcade a unique molecular identifier (UM). and 
an alge(sT) V-capture region where V és anything aut Tand where Nis any 
ruclestid, EDN (rec) fs generated from captured mRNA by reverse tan 
scription. (B) Vsuatzation af the expression of thre genes by spatial tran 
=crintomies (top) and inst hylan (Botta), Pen ana Ket in st 
images ae from the Allen situate, Cutot nrmalc counts, Pen, 8: Dac, 
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13; and Ktdl2, 19. (©) Distribution af unique genes per feature under the 
‘issue (D) Number of genes detectedfar ferent ayers and entire tise oer 
sequencing depth (E} Lateral ctfuson of transcripts from genes eriched! in 
MCL The genes are expressed in MCL features butare not separable from the 
background in eatres acjacet tothe MCL. (F) Spatial expressicn ancin st 
lnybriization of four genes in (E) The leftrost feature overlaps the MCL, and 
the thre rightmost features are stuated inthe GCL, The colored bar depicts 
‘the distances from feture center in), 
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Fig. 3. Viualization and bioinformatics analyses of tissue domains de- 
fined by morphology or gene expression profile. (A) Ten ssieced features 
in areas a (GCL), # (GCL) or + (GL) are incicated.(B) Sraterpot of gene 
‘eression in areas wand fl shows similar expression of layerspecfic genes. 
Eramples of genes ae indicated wth purple and brown dots. Housekeeping 
‘Benes are orange (C) Scatterplt of ge expression in areas wand y shows a 
tifference in gene expression. Examples trom the 170 iferentaly expressed 


‘genes are labeled. (D) The spatial expression of three intemeuran-marker 
‘gene profes Ten features wth the cflerent epression profiles ware randomiy 
Selected erential pression analyse (E)Corparingthe 10 Cami" /Vp'/ 
Th features with the 10 Vip'/Camka/h features, xarples, cut of the 196 
siflerertaly exressed genes, ae beled (F) Comparing the 10 Cait" /Vip7 
The features wth the 10 TA'/Camk'/Vip~ features. Examples from the 228 
iferertaly expressed genes are labeled. 


and we asked wither they could be detected in 
the adjacent granular ell Iyer (GCL). All these 
‘genes were confirmed to be highly expressed in 
‘the MCL by spatial transcriptomics, but they were 
‘undetectable or dotted at very low levels within 
the GCT, even with the onder ofthe feature 00 
‘5 um and the center ofthe feature #0 to 55 um. 
from the MCL (Fig. 2, E and F, and fig. S7A), 
Furthermore, we compared the distribution of 
‘eanscrpts between areas obtained with laser cap- 
‘ure mizrodisection (6 where there no difusion 
of transerpts and with spatial transeriptomis 
features, and we did not find evidence for a 
dliflerence between these methods in terms of 
‘mRNA fasion (Gg 7, B and ©. 

‘A common goal of gone expression analysis of 
tissues is to define the transcriptome of specific 
areas. Analysis betwen homologos regions m= 
vealed very similar expression proies (Fig. 9, A 
and Band fg $8), with no eiferentiallyexpessed 
‘genes In contrast, comparn of diferent domains 
revealed diferent gene expression profiles (Fig, 
'8,Aand C. and fig $8), This included genes with, 
previously known restricted expression, such as 
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‘Docs inthe tlomerular layer (GL) and Penk in 
the GCL (2), as well as novel Iyer specific pene 
expression piles (Fg. 90). 

It's valuable to explore the gene expression 
pattern of populations af els or tissue domains 
that can be defined by a combination of markers. 
Spatial transeriptomies offers an alternative ap- 
proach that circumvents multiplex labeling and 
cell isolation. Any combination of presence oF 
absence of expression for aset of genes ean be 
used to define a marker profile of interest for 
further analysis. Features were selected on the 
basis f the presence and/arabsence ofthe three 
intemeuronmarker genes Cambs, Th, and Vip. 
‘The distribution of features, where one ofthe 
genesis expressed alone, is shown in Fig. SD. 
Comparing gene expression revealed specific 
transcriptomes defined by these interneuron 
sarker profiles (Fig. 8, E and F, and fig $8) 

‘To further explore gene expression profiles in 
stil defined domains within theory bulb, 
‘we used prinipal component analysis fig $9) oF 
the tistributed stochastic neighbor embedding 


(¢SNE) (14, 15) machineleaming algorithm for 


«dimensionality reduction, followed by hierachi- 
al clustering (Fig. 44). When placing back the 
‘luster features onthe tissue images, was > 
‘parent that each cluster of festures lange corse 
sponded to wel- defined morphological layers (Fig. 
418), The clusters were then compared with each 
other, which allowed the identifation and visu- 
lation of cluster specie marker genes (fg, S10, 
‘Aand This proved tobe an efficient, unbiased 
‘vay to identify genes with expression enriched in 
the cll layers of interest. Furthermore, we in- 
‘vestigated the gene expression patter i 10 sec- 
tions from a total of five animals, as well asthe 
‘eatursto feature correlation atthe sume location 
‘two acent sections fg S10, Ct E), 
Analysis ofthe histology and set of markers 
are routine in cancer diagnostics although anal- 
ysis of the expression of panels of genes bas 
started to enter the clinic, We asked whether 
‘adding a spatial dimension to gene expression 
analysis may add information in eancer diag- 
‘nostes and applied spatial transcriptomies to 
‘breast cancer biopsies, In Fig. 4, Cand D (st also 
fig. SU, A and 3), an area with invasive ductal 
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(© Cluster 1:Granular cal layer 
Cluster 2:Mital cal layer 
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Fig. 4. Comparative analyses of tissue domains. (A) SNE analy arc hierarchical clustering ot 551 features from two epiates creates hve dist clusters 
(B) The features placed back onto the two tissue images (Can) Histologealsecton of abreast cancer biopsy (C)cantanng invasive ductal cancer (INV) and 
st separate areas of ductal cancarin sit (to). with analyzed spatial ranscrintomies features in (0) INV areas without or with minimal. stromal ifitration were 
selected. (E) Gene expression heat map over he liferent areas in fur sdacent sation (0) and (FS), 


cancer aswell ass sepa areas of dtl ean 
‘erin situ, were identified on the basis of mar- 
‘holga teria. Spatial transerptomics analysis 
‘ofthe invasive component revealed high expres 
‘sion of extracellular matrix-associated genes Fig 
48), Analysis of the ductal eancer in situ areas 
revealed a surprisingly high degroe of heterogs- 
city in gene expression between these regions, 
probably electing diferent subelones, with vary: 
ing expression of several genes implicated in can 
xr progression (Fg 48 and fig SUC). For example, 
‘expression of KRTZ7 and G85, implicated in 
‘pithelal-t-mesenchymal transition 16, 17), was 
‘high only in areas ¥ and 5 (Fig 4, Cto and fig 
SUD). Thus, spatial transcripomics revealed un 
‘expected heterogeneity within a biopsy, which 
‘would not be possible to detect with regular tran 
seriptome anaes and which may give more de- 
tailed prognostic information. 

‘Spatial transerptomies cals for only afew ex 
‘ra steps compared with RNAseq analysis of 
homogenized tissue, with the benef of providing 
spatial information enabling additional levels of 
analysis In contrast to standard methods different 
domains of the tisue are proces in the same 
‘ation in spatial ranscptomi which removes 
‘echnical variation between samples. A unique fea- 
‘ue of spatial transerptomics that any gene ex 


2 


pression profile ean be selected to specify a 
molecularly defined domain for further analysis 
Final, n contrast to when different regions of 
tissueare dissed for analysis the information fr 
the whole section maintained: ene, he anaes 
5s no limited tothe initially selected regens. An 
‘nv! spatial traneriptomics experiment thus 
serves asa penmanent resource to investigate gene 
‘expresion pattems for fature research questions 
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‘STRUCTURAL BIOLOGY 


Elucidation of AMPA 
receptor-stargazin complexes by 
cryo-electron microscopy 


Edward C. Twomey;"* Maria V. Yelshanskaya," Robert A. Grassucei,"* 
Joachim Frank,"**" Alexander I. Sobolewsky"" 


AMPA-subtype ionotropic glutamate receptors (AMPARs) mediate fast excitatory 
neurotransmission and contribute to high cognitive processes such as learning 

and memory. In the brain, AMPAR trafficking, gating, and pharmacology is tightly 
controlled by transmembrane AMPAR regulatory proteins (TARPs). Here, we used 
ceryo-electron microscopy to elucidate the structural basis of AMPAR regulation by 
‘one of these auxiliary proteins, TARP 72, or stargazin (STZ). Our structures illuminate 
the variable interaction stoichiometry of the AMPAR-TARP complex, with one or two 
‘TARP molecules binding one tetrameric AMPAR. Analysis of the AMPAR-STZ binding 
Interfaces suggests that electrostatic interactions between the extracellular domains 
‘of AMPAR and STZ play an important role in modulating AMPAR function through 
‘contact surfaces that are conserved across AMPARs and TARPs. We propose a 
‘model explaining how TARPs stablize the activated state of AMPARs and how the 
interactions between AMPARs and their auxiliary proteins control fast excitatory 
‘synaptic transmission 


switatory neurotransmission is mediated 
predominantly by ionotropic ghutamate re- 
ceptors (luRs) (2). iGluRs are tetrameric 
ligand-gated ion channels found in the 
postsynaptic densities of neurons and are 
typically activated by glutamate reased from 
presynaptic terminals, resulting in ion ux and 
postsynaptic depolarization (J, 2). The AMPA, 
subtype iGluts exhibit kinetics a the milisee- 
fond time seale and mediate fast neurotrans- 
mission in excitatory synapses, directly alfexting 
synaptic plasticity, learning, and memary (D, 
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Aberrations in AMPAR function are implicated 
ina wide range of diseases, from developmental 
diseases suc as fragile X syndrome (8) to psy 
chiatric disorders (1), acute trauma in ischemic 
stroke (4,5) epilepic seizures (6, 7), and ehranie 
‘peurodegeneratve disorders such as Parkinson's 
and Alzheimer's diseases (D, 

‘Structural studies have revealed the three- 
layer architecture of AMPARS—which includes 
a twolayer extracellular domain (ECD) com: 
posed of two amino-terminal domain (ATD) 
and ligand-binding domain (LHD) dimers and 
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4 channelforming transmembrane domain 
(TID)-and have provided insights into the 
sting mechanism through models obtained by 
‘estallography (6-1/) and eryo-clectron mleros- 
copy (cryo-EM) (12, However, in coll, AMPARS 
exist as complexes with various soluble and 
membrane proteins that alter their function 
(23-15) The prototypical transmembmne AMPAR 
regulatory protein (TARP) 72, or staan (STZ), 
controls AMPAR synaptic targeting, gating, 
and pharmacology (16-18). TARPs are linked to 
the pathophysiology of several neurological 
and pewhiatric disorders (19,20), making TARPS 
and TARP-AMPAR complexes targets fora yari- 
ey of human diseases. However, despite negate 
stain EM studies showing that STZ contributes 
to the TMD of native AMPAR complexes (20, 
detailed structural information on the AMPAR- 


peat design 

ere, we used eryo-EM to elucidate the struc. 
tural basis for STZ modulation of Ghad2 fe 
‘ton. To form the eomples between GIuA2 and 
STZ, we used a tandem construct, GuA2-STZ, 
‘where the Nterminus of STZ was fase to the 
(terminus of GluA2 by a gveinehreanine (GT) 
linker (Fig 1A) (25). Purified GluA2-ST7. eluted 
from the size-exclusion column as a monodi= 
‘perse peak, shifted leward compared with 
nonfused GluA2 (Fig. 1B), und ran as a higher 
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Kdnej-293 col expressing GLAD STZ espense to 2- er SOO-ms applications of mM ghtamate (Gi) acre er aplation of Gn the canwous presence of 
30 uM cylothiasde (CTZ), Inst shaws normalized currents in response to 2- and 600-ms appeations of Glu alone, ited using singe exponents with the 
time constants auc id tn (Dect. deactivator: Des, desensitization) (D) DriftcorectedcryoEM micrograph of GuA2 STZ, with ample particles highighted 
by red circles. (E) Representative 2D class averages 
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molecular-weight band on SDS-polyacramide 
se electrophoresis (fg 1). To assess functional 
ity, we recorded glutamate-aetivated GluA2 
‘STZ curren using pateh-lamp clecrophysilowy 
Compared with wild-type GluAd, GIuA2-STZ 
showed reduced desensitization ‘and. slower 
rates of deactivation, desensitization, and re 
‘covery from desensitization (Fig. 1C and fg 
2), as expected (26-90). Thus, the presence of 
the GT linker between GhuA2 and STZ in ome 
GluALSTZ construct did not significantly af 
oct modulation of GIuA2 function by STZ. 
(Cry0-EM micrographs of purified GluA2-STZ 
hound to antagonist ZK200775 gave initial insight 
imo the partie details (Fig 1D) and initial views 
‘of GluA2-ST7 from two-dimensional (2D) classes 
suggested high data quality, with vstble linkers 
between the LUD and TMD, elear secondary 
struct features in both the ECD ané TMD, and 
«diverse particle orientations (Fig. 1E). However, 
atypia! forthe GluA2 three-layer topology (ig 
9, A and B), GIuA2-STZ showed a fourlayer 
farcitecture, where below the TMD layer ie a 
fourth layer (Fig. 1D) that appears dis- 
ordered (Fig, IE). A closer look at the 
‘GhuA2STZ particles (25) suggested that 
the disordered fourth layer under the 
“TMD is kel omposed of unbound STZ 
and isa result ofthe tandem construct 
design wich defines the protmer ratio 
but not interocton sichiomety 
‘We identified multiple STZ-bound 
states ofthe GhuA2 STZ complex through 
‘adlitional image processing (i, 54. 
‘One state resembles the map for GIaA2 
alone (fig $8C) and shows no STZ bound 
(GhuA2nST2 (Fig 24) A second state 
shows a single STZ asembled around 
(GiuA2, which we ell GnAD1STZ (Fig. 
IB), We also identified a third state of 
the GIuADSTZ particles, where two 
‘STZ molecules are assembled around 
the GluA2 core, termed GIuA2-28TZ 
(ig. 20) Forall thre states we served 
no preferred particle orientation i the 
refine mans (fg $5, wth most parties 
contributing to the single-bound STZ 
state (ig. $6) A closer ook through 2D 
shoes of the SD refined eryo-EM den- 
sity maps in the TMD and LBD-TMD 
linkers highlights the differences in 
stoichiometry, wherezero (Fig. 28) one 
(Fig. 28), or two (Fig. 2C) STZ TMDs 
and ECDs are visible around the Ghad2 
‘care and periphery, rerpectivey, Come- 
sponding, the disordered fourth layer 
(ig. 1B) in these three stoichiometric 
states presumably has fou, thre, and 
th8o STZ molecules from the tandem 
‘construc that are not bound around 


levels could have a profound effect on AMPAR- 
mediated nedrotransmission. 

‘To gain further insight into the AMPAR-TARP 
interaction, we built structural model ofthe 
CGhAZ DST Zoate Gide bythe twofold aramety 
of the ECD (5-12), we used the corresponding 
portion ofthe GhuA2-1xSTZ.muap refined with C2 
Symmetry to 5.6 A resolution (fg S6) (25) 1 it 
(GluA2 ATDsand LBDs(6)and to build ATD-LBD 
Linkers. We further used the 6A map obtained 
from refinement without symmetry restraints 
(fg. $7) to fit the GluA2 TMD region (8) and to 
build LBD-TMID linkers (fig 88). We then took 
advantage of amino aid sequence conservation, 
between TARP family and Claudin family pro- 
teins (fg 9) and built a Cladi19-tused homology 
model of STZ. This model was fted into the 
(Glna2-1xSTZ density (25) (6g. S&B), confirming 
the similar overall fold of TARPS and Claudins 
(64,32) (fg. 89). The STZ and GluA2 protomers 
from the GIuA2-1xSTZ structure were als ited 
into the GhuA2-2xST7 map to generate a structure 
ofthe comesponding complex (Fig 3, Aand B). 


“The structure of SUZ includes TMD tha rp 
resents a hunule of four transmembrane belies, 
‘TM to TA, and an extracellular head domain 
that sits atop the TMD (Fig. 9C). The main inter 
action between STZ and AMPAR is mediated by 
‘substantial interface beowoen transmembrane 
helices TMG and TM of STZ and Mand MM of 
(GluX2 (Fig 3D) STZTMM and TM have no dwt 
‘contact to the AMPAR core and face the lipid 
membrane, The STZ head domain is composed 
‘of two extracellular polypeptide segments be- 
‘eon TBM and TM and between TMG and TM 
(Fig 90) Most ofthe head domain isa sheet 
‘Hat includes strands pl to formed by the 
terminal portion ofthe TML-TME sesment and 
formed by the Cerminal portion of the TMS-TM14 
‘sgment. The emaiing portions ofthe exracilar 
segments, the TMS loop and the BTM loop 
in particular, are conveniently positioned i close 
proximity to the LED and LBD-TMD linkers to 
lay a key role in regulation of AMPAR function. 
“The GluA2-STZ structures indicate that the 
"TMS and PLT? loops of STZ ean only inter 
ct ith GluA2 subunits B and D bt nat 
A and C (Fig. 98). At the level of the 
LBD, B and D represent the distal sub- 
units (fig. SIOA) that play amore impor 
tantrolein ik gating than te primal 
subunits Aand C(0,.3,34). STZmoleeuks 
ae thus optimally positioned in the 
(GluA2STZ complex to maximally affect 
(Gud? gating. The most likely regions of 
GiuAa subunits Band D to interact 
‘with STZ loops TM3-05 and BTM 
are the adjacent Si-MI linker and the 
LBD loop between helix H and the f 
sand 10 (Fig. 4A) The SEM linker co 
tains four positively charged residues 
(5085, K506, K309, and K5U), in add 
tion to four positively charged residues 
inthe helix H+ strand 10 loop (Rem, 
595, Kag7, and Ko99), that form an 
electropositive patch on the surface of 
(GluA2 facing STZ (Fig. 4 8 and C). In 
contrast, six negatively charged residues 
in the 4-TM2 loop of STZ (E84, Das, 
DT, E89, Dol, and E94) form an ele 
tronegative patch on the surface of the 
Shed domain fing Glad. 
Confirming a key role of the eleetro- 
state interacsions in regulation of AMPAR 
function by STZ, recent mutagenesis expe- 
iments on a similar GlaA2STZ tandem 
constrict showed thatthe aspartate sub- 
stitution of RGR motif whieh ie ighly 
conserved in AMPARS and inludes K697 
and Kg9resduesinthe helix H- strand 
loop, alos completely abolished the 
effets of $72on GIuA2 reeptor function 
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Fig. 2. Stoichiometric states of GIuA2-STZ. On the let cryoEM 
cersty maps of (A) STZ-unboure,(B) single STZ-bound, ar (G) dow 
bie STZbound states of GAZ STZ fitered to 87 A, 64 A, ancl 78 A 
resclutio, respectively, For each state. 20 ses made paral t the 

brane through the refined. nonfiteed map are shown on the 
rat: one through the mice of GuA2 LED-TWD Inter rgion and 
anather through the mide af GlUA2 TMD, (Details of collation anc 
Tefinement are included inf. $8.) 


(29)-In addition the electronegative mo- 
tifin the STZ 14-TM2 loop is highly eon 
served across type TTARDs (19) including 
120812), 7,78 and 8 i $8) Similar to 
STZ, ¥3, yh and 7S slow AMPAR de- 
activation and desensitization kinetics 
(49) tn contrat, type T-TARPS 75 and y7 
‘dono have the conserve electronegative 


the GIuA2 core (25), Based on our den- 
sity maps Fig. 2), we propose thatthe 
prefered stoichiometry af the GluA2- 
STZ interaction is one or two STZ 
protomers to one tetramer of GluA2 
‘The exitenc of multiple stoichiometric 
states suggests that STZ expression 
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Fig. 3. Architecture of the GluAZ-STZ complex. (A. B, arc D) Model of GluA2-2xSTZ viewed parallel to [(A) and (B)] or fam the ntracsiuia side of (D) the 
membrane. Te four GuA2 subunis (A o D) are colored mint (A), coral). igh-bue (C), and gold (0). and the STZ molecules aren green and purple: TMD 
secondary structure slaments are labeled in (0). (C) Rainbow colored homology model (frm biueN terminus to re C terminus) of STZ with the secondary 
structure elements labeled. In (R) and (B). the antagonist ZK200775 is shown as a space fling made 


Fig. 4. Electrostatic interactions between the STZ head domain and GluA2. (A) Side view of GuA2 STZ with GluA2 ATDs amid and STZ pATM and 
‘TWE3 loops labeled. B) Electrostatic surface ofthe molecule in (A) with highly electronegative regions shoo i ed and hight eletrapostve rego show in 
‘blue (G) Close-up orthogonal view of he egin boxe in (A) an (B). Charged rescues inthe LMI Ine and LED lure of GuAZ and the 44: 7M2 loop ot 


STZ are sho as sticks 


‘motif in the P-TM2 loop (fg S9) and tkely use 
dliferent mechanisms to alter AMPAR gating and 


‘Pharmacology U9.) Indeed substitution ofthe 
‘TMLTM extracellular stretch in STZ with that of 


5 dramatically reduced the effect of STZ on 
AMPAR gating and agonist ofeny to nearly the 
levels of AMPAR alone (27). 
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‘Wehiypotheste thatthe overall compression of 
-AMIPARS upon activation (9-12, 36) brings the 
negative patch on the STZ surface dose to the 
positive patch on the surface of GluA2 (Bg. S1OB), 
thus enhancing ther electrostatic attraction. This 
eddtinal force would acount for STZ, 
ofthe open conformation of AMPARS (37) and 


correspondingly make deactivated and desen- 
sitized states les favorable. 
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There's only one Scie 


Why choose this Postdoc 
Feature your advertisement? 


* Relevant ads lead off the 
career section with a special 
“Postdoc” banner. 


Expand your exposure by 

posting your print ad online: 

* Linkon the job board 
homepage directly to 
postdoc positions 


* Dedicated landing page 
for postdoc positions. 


lat Publishing Oc 


ScienceCareers 


To Book your ad: 
advertise@sciencecareers.org 


The Americas 
202 326 6582 


Europe/RoW 
++44(0)1223 326500, 


China/Korea/Singapore/Taiwan 
+86 186 0082 9345 


Japan 
+4813 3219577 
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Institute of Nanophotomies, Sinan University Invites 
Tlight-Level Overscas Talents and Oulstanding Young Talents 


the new developneut ofthe university, the Institute of Na 
Roquiremonts 


ybownies comially vies high-level ovesexs talents and oustadig young alts 


1) Fave nbtancd PhD from world famous universities or esearch nstitions, and under 40 years old (48 fo those who are extraordinarily excellent) 


2) Have eachod the word fiext-elas escaeh lve a his or her field and have published excal 


reviewed journals either a the fitst author or the earring author 


ions academe papers of significant impact in por 


3) Be aad-workieg highly ethical and selEmotivated, aa good at exm-werking 


4) Priority will be given 9 the caidtes who ate) Distinguished Young Seloars 
‘Youth Fund in NSE, (ii) Young Scholar in Changjiang Scolar, o iv) Outta 


Selary and Henette 


‘Thousand Talents Prog, (i) the holder of Ousting 
‘Young Talent 


1) Fer soscessful candids, nm Uaiversiy will fle istemationallycompesiive sur, hovsing allowance, scenic researc Kinin, ee 
2) For fesh graduates and postdoctoral fellow, the slay, subsidy nd allowance wil be following the related policy of Sinan Univesity 


(Contact information 
Caxtact: Profs Baoan 
B-mail:ssfhj@outlock.com or wu20021i0163.com 
‘Address: South Campus of Jinan Universi, 


‘Xingye Avenue East 455, Panyu Dissnet, Guangehow 511443, China 
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Southwest Jiactong University, Chengdu, China 
Invites Applications forthe Academie Positions 
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‘Third Military Modioal University, Chonggine. China 
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ASSISTANT PROFESSOR 


DOES YOUR LAB SEEK TO 
UNDERSTAND MECHANISMS 
OF DRUG RESISTANCE 
OR DISEASE PATHOLOGY? 


Signaling [ass 


Learn more and 
don’t hit the pavement 
for your job search. 


(© Search thousands of job postings 
(© Create jb alerts bared on your criteria 


(© Get career advice from our Career Forum experts 


(© Download career advice articles and webinars 


© Complete an individual development plan at “myiDP 


Target your job search using relevant 
resources on ScienceCareers.org. 
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FROMTHE JOURNAL SCIENCE IMNAAAS 


Advance your career 
with expert advice from 
Science Careers 


£ l 
me 


- 


Download Free C: 
Advice Booklets! 


ScienceCareers.arg/booklets 


Featured Topi 
* Networking 
* Industry or Academia 
* Job Searching 

* Non-Bench Careers 
* And More 
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University of 
Zurich 


Faculty of Science 


“The Faculty f Science a the University of Zurich invites applications fora 


Professor of Synthetic Biology 
(assistant tenure-track, 
associate or full) 


in order to join the Department of Molecular Life Sciences. 


Since Synthetic Biology isa new research area at the University of Zurich, 
we scek applicants who are internationally leading and are well 
established inthe eld. They must be able to atract and inspire new 
researchers inthis field to contribute to and lead the growth of Synthetic 
Biology research in the Zurich area. The position is explicily open-rank, 
encouraging applications at both the assistant professor (tenure-track) 
associate professor and full professor level. The successful candidate has 
an established high-profile tack record and a proven ability to publish 
high-impact scientific work and attract 3% party money. 


Ideally, the candidate's research has sufficient affinity with ongoing reseagch 
activities at the University in the areas of network biology, quantitative 
cell biology, single-cell biology and biological noise and physics of sot 
biological active mater, but excellence in esearch willbe the primary 
criterion for selection. Contributing to the existing undergraduate and 
graduate teaching efforts (in English or German) in biology 
constitate an integral part ofthe postion, 


“The University of Zurich provides generous research suppor, including, 
dedicated funds for personnel and running expenses, and highly 
competitive star-up packages. Zurich's sclentific environment includes 
rich spectrum of research activities in computational science, engineering, 
chemistry, physics and biology and provides extensive opportunitios for 
laborations with research groups atthe Faculty of Science ofthe 
University of Zurich and atthe Eidgendssische Technische Hochschule 
Zirich (ETHZ). Also, it ofers membership to various international 
sraduate schools jointly run by the university and the ETHZ to eerit the 
best PRD students The University of Zurich and the city of Zurich aso 
fer a stimulating cultural environment and are family-friendly 


Application packages should include a motivation letter, a full curriculum 
vitae, a vision statement of research and teaching interests uining 
‘major unsolved problems and how they could be tackled and the names 
and addresses ofthese potential referees. Documents should be 
addressed to Prof Dr. Bernhard Schmid, Dean ofthe Faculty of Seiency, 
University of Zurich, and uploaded as a single PDF file to 
hutp,//wwwamntuzh.ch/SB by 3, August 2016. A brief question 
have to be filled out at the beginning ofthe upload process, For further 
information, please contact Prof. Dr Lucas Pelkmans at 

fucas pelkmansimis.uzh ch, 
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“The University of Zurich isan equal opportunities employes. 


Register for a free online account on 
ScienceCareers.org. 


Search thousands of job postings and find 
your perfect job. 


Sign up to receive e-mail alerts about job 
postings that match your criteria 


Upload your resume into our database and 
connect with employers. 


Watch one of our many webinars on 
different career topics such as job 
searching, networking, and more 
Download our career booklets, including 
Career Basics, Careers Beyond the Bench, 
and Developing Your Skills, 


Complete an interactive, personalized 
career plan at “my IDP.” 

Visit our Career Forum and get advice from 
career experts and your peers. 


Research graduate program information 
and find a program right for you. 


Read relevant career advice articles from 
our library of thousands. 


SCIENCECAREERS.ORG 
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mylDP: A career plan 
customized for you, by you 
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Features in mylDP include: 


Exercises to help you examine 
your sil, interest, and values. 


Alistof 20 scientific career paths 
with a prediction of which ones 
best ft your skills and interests. 


‘Atool for setting strategic goals 
for the coming year, wit optional 
reminders to keep you on track. 


‘Avticles and resources to guide 
you through te process. 


Options to save materials online 
and print them for further review 
and discussion, 


‘certificate of completion for 
users that ish myiDP 
and more. 


Start planning today! 
mylDP.sciencecareers.org 
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THE UNIVERSITY OF 
‘TENNESSEE 
HEALTH SCIENCE CENTER. 


TENURE-TRACK FACULTY POSITION IN 
ALCOHOL RESEARCH 


‘The Department of Pharmacology in the College of Medicine at the University of 


‘Tennessce Health Science Center (UTHSC) invites applications fora tenure-track faculty 
position available immediately to conduct alcohol research on the central elements of 
the neurovascular unit (central neurons and glia, and brain vessels). Preference will 
he given 1o candidates using the following methodologies: atomic Torce microscopy, 
‘icrofluids,2Photon andor Muli-Photon microscopy or other techniques that allow deep 
tissue in vivo imaging, large-scale neuronal ensemble electrophysiological recording, 
chemo/oplogenctics, computational neuroscience, metabolomics, or model organisms 
With simple neurocireuitry and amenable 1 genetic manipulation, such as zebrafish, D. 
melanogaster or C. elegans 


‘Candidates wil be considered al the rank of ASSISTANT OR ASSOCIATE PROFESSOR, 
‘based upon qualifications and experience. ll applicants should havea Ph.D. or equivalent 
degree, relevant postdoctoral experience, and a strong record of research productivity 
fan accomplishments, Applicants at the Associate Professor level must have a record 
‘of federal funding and current extramural support. 


In the last three years under new leadership, and with a strong core of Faculty devoted 
to Neurodegeneration and to Addiction research, the Department of Pharmacology at 
UTHSC has continuously increased its level of extramural funding. The Department 
has recently moved to UTHSC's new, state-of-the-art Translational Research Science 
Building (hutp:/www.uthse-edu/pharmacology/), which also houses researchers from 
the Departments of Physiology and Pediatres, and the newly created Department of 
Geneties, Genomics and Informatics. Thus, the candidate will join a very strong core 
of UTHSC scientists devoted to varied aspects of alcohol research, including genetics 
land genomics contributing to alcohol vulnerability and alcoholism, chronic stress and 
Alcoholism, FASD, adolescence susceptibility o alcohol exposure, alcohol-induced 
‘neuroteratogeness, alcohol-induced liver injury, role of stress and oxidative dysregulation 
in alcobol intoxication, biologial bases of co-morbidity of alcohol-aicetine,aleobol- 
caffeine nd aleohol-cholesterol intake, and molecular targets and mechanisms of alcohol 
‘ction. Additional research collaborative opportunities inthe area exist at the University 
‘of Memphis and St. Jude's Children's Research Hospital, 


‘The UHTSC College of Medicine offers a generous start up package, and the Institution 
includes several core facilities, including the Lab Animal Care Unit (LACU). the 
Regional Biocontainment Laboratory (RBL). the Molecular Resource Center (MRC), 
the Flow Cytometry and Flow Sorting core (FCCS), the Molecular Bien formaties Core 
(MBC), the Proteomics and Metabolomics Core (PMC) and the Research Histology Core 
(RHC), Furthermore, the Departmental of Pharmacology sustains commons facilities 
in laser confocal microscopy, laser capture microscopy, and high-throughput robotic 
clectrophysiology 


Applicants should submit thei Curriculum Vite, three letters of reference, anda summary 
‘of research interests and plans wo: Jeffery 1D. Chait, Search Committee, 
Department of Pharmacology, UTHSC College of Medicine, 71 South Manassas 
‘St, Memphis, TN 38103, or by email to jsteketeei@uthse.edu, 


All qualified applicants will receive equal consideration for employment and 
admissions regardless of race, ethnicity. national origin, religion, sex. pregnancy 
‘marital status, sexual orientation, gender identite, age, physical or mental disability, 
‘or covered veteran status. Eligibility and other terms and conditions of employment 
gts at The University of Tennessee are governed by laws and regulations of the 
Shate of Tennessee, and this nonediscrimination statement i intended to be consistent 
with those laws and regulations. In accordance with the requirements of Title VI of 
the Civil Rights Act of 1964, Tle IN ofthe Education Amendments of 1972, Section 
504 of the Rehabilitation Act of 1973, and the Americans with Disabilter Act of 
1990, The University of Tennessee afirmatively states that i does not discriminate on 
the hasis of race, ex, or disability in is education programs and activities, and this 
‘policy extends to employment by the University. Inquiries and charges of violation 
of Tile VI (race, color national origin), Tile LX (sex), Section $04 (disability), ADA 
(disability, ige Discrimination in Employment ct (age), sexual orientation, or 
seteran status should be directed tothe Office of Equity and Diversity (OED), 010 
Madison Avenue, Suite 826, Memphis, Tennessee 38163, telephone 901-149-7382 (V 
TTY available). Requests for accommodation ofa disability should be directed tothe 
ADA Coordinator atthe Office of Equity and Diversity 
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Sy Melanie L. Blanchette 
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The measure of success 


hen Iwas a PhD. 


student, a respected professor at our school had a heart attack in his office 


and died. As he was whisked away to the ambulance, I numbly watched familiar faces in the 
department suecumb to shock. I didn't know it at the time, but this deeply troubling experi- 
ence would shape my thinking about how to craft my academic career after I faced my own 
life-changing illness. While I was a postdoc, a sudden neurological disorder left me unable 
to walk, took my vision, and held me in the grip of vertigo and erushing migraines. With the 
help of a small army of health professionals, I began to improve. My brain started compensating for the 
lost neurons, and my muscles learned to fire again, but I don't know whether I will ever recover com- 
pletely. This harsh reality check has made me think seriously about why academia promotes unhealthy 
‘work habits and how I can pursue the research I love while also taking care of myself 


Prior to my illness, I worked ex: 
tremely long hours, sometimes 
‘even sleeping in my office if | faced 
2 deadline. I hoped that my hard- 
‘won achievements would eventually 
be judged worthy of tenure. When 1 
returned to work after my illness— 
despite its severity, I took just 2 
rionths off because of dwindling sick 
leave, inereasing medical bils,and no 
certainty of ongoing employment— 
fell back into the academic achieve 
ment trap. I spent all my time work- 
ing and worrying, and my health 
Degan to decline again. 

But fear of a relapse made me 
‘question my actions and, ult 
mately, the trajectory of my eareer, 


“1... shed my prejudices 


and allowing me to better manage 
‘my Hluess And I find applied re 
search immensely satisfying. Wateh- 
{ng nutrient-rich water rejuvenate an 
acidic mine pit lake, Ihave seen that 
amy work has value beyond contrib 
luting to my Isindex. Perhaps most 
{importantly I was well enough to be 
there to witness it, 

My ilness made me think about 
‘my behavior and health in a way 
that I hada earlier in my career, 
Now, when I'm tired, I rest—even 
if Tm in the field. My actions and 
the direction of my eareer have sur 
prised some of my colleagues, who 
sometimes make offthe-euff com: 
ments about my “laziness” These 


Though about the proton who gout what a succesgful sr, nit kxow that Tm lg he 
fied. T tought about a fiend who nee Pht thing for nyse. Tope that 
a career looks like. ot oe ee 


‘academia because the pace and 
environment had negative mental 
‘and physica effects. I realized that my years in academia had 
eroded my mental health. I didn't want to hurt myself per- 
manently by pursuing career advancement at all costs, but 1 
‘dav want to leave ether, So I decided to accept my physical 
limitations and—an even more dificult task—shed my preju 
‘dices about what a successful career looks Uke, 

‘Now, sith the support of academic and industry mentors, 
1 a building a nontraditional acadersie path, Lam still a 
university search fellow, but my research into how mining 
‘companies can decrease their environmental impact is funded 
by industsy: For these funders, what matters more than ray 
publication record or the “prestige” of my institution is my 
creativity, integrity, and ability to produce rigorous science 
{Oat solves real-world problems. I fee! Uke a pressure valve has 
heen released in my’ life, easing the worries and long hours 


‘others will also prioritize their per 
sonal wellbeing, even if it means 
letting go of deeply held beliefs about what we are “sup. 
posed” Lo do for our careers 

According 0 the numbers, my chances for long-term 
‘success in academia don't look great. Women and people 
with disabilities are underrepresented, and belonging to 
both groups puts me in a particularly dificult position. But 
rather than focusing on what members of underrepresented 
{groups need to do to “adapt” to academic culture, we should 
‘e interrogating the system itself, which expects all of us to 
‘work excessively at the expense of our physical and mental 
health, Maybe we need new measures of suecess. = 


‘Melanie L Blanchette te a research fellow at Bath 
Cowan University in Perth, Australia, Send your story to 
‘SeiCareerBditor@aaas.org 
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